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ABSTRACT.
A b u f f e r - r o d  t e c h n i q u e  i s  d e s c r i b e d  f o r  t h e  m easu rem en t  by 
u l t r a s o n i c  p u l s e  i n t e r f e r o m e t r y  o f  e l a s t i c  wave v e l o c i t i e s  i n  
j a c k e t t e d  p o l y c r y s t a l l i n e  s p e c im e n s  as  f u n c t i o n s  of  p r e s s u r e  t o  3 GPa. 
The t e c h n i q u e  i s  t e s t e d  on a s u i t e  o f  s y n t h e t i c  p o l y c r y s t a l l i n e  
s p e c i m e n s  ( a l u m i n a  and f o r s t e r i t i c  o l i v i n e )  f o r  wh ich  bounds on t h e  
p r e s s u r e - d e p e n d e n t  wave v e l o c i t i e s  may be c a l c u l a t e d  from 
s i n g l e - c r y s t a l  e l a s t i c i t y  d a t a .
M easurem en ts  c o n d u c t e d  a t  p r e s s u r e s  be low -1 GPa w i t h  an unbonded 
b u f f e r - r o d  c o n f i g u r a t i o n  a r e  compromised by t h e  b e h a v i o u r  of  t h e  
i n t e r f a c e  be tw een  t h e  b u f f e r - r o d  and t h e  s p e c i m e n .  Complex r e f l e c t i o n  
and t r a n s m i s s i o n  c o e f f i c i e n t s  a s s o c i a t e d  w i t h  t h e  c o n t a c t  be tw e en  
m i c r o s c o p i c a l l y  r o u g h  s u r f a c e s  g i v e  r i s e  t o  s i g n i f i c a n t  t r a v e l t i m e  
p e r t u r b a t i o n s  which d e c r e a s e  m a r k e d ly  w i t h  i n c r e a s i n g  p r e s s u r e .  T h e s e  
c o m p l i c a t i o n s  can  be m i n i m i s e d  by i n s e r t i o n  be tw een  t h e  b u f f e r - r o d  and  
t h e  s p e c i m e n  of  a d i s c  o f  g o l d  f o i l  which  c o n t r i b u t e s  a ' b o n d '  w i t h  
more c l e a r l y  d e f i n e d  a nd  l e s s  p r e s s u r e - s e n s i t i v e  a c o u s t i c  p r o p e r t i e s .  
The r a n g e  o f  p r e s s u r e s  w i t h i n  which  t h e  i n t e r f a c e  e f f e c t  i s  n e g l i g i b l e  
may be s i g n i f i c a n t l y  i n c r e a s e d  by t h e  use  o f  t h i s  bonded  
c o n f i g u r a t i o n .
M easu red  e l a s t i c  wave v e l o c i t i e s  a r e  i n f l u e n c e d  by t h e  p r e s e n c e  o f  
b o t h  m i c r o c r a c k s  and p o r e s .  Very l a r g e  p r e s s u r e  d e r i v a t i v e s  m e a s u r e d  
b e tw e en  0 and 0 .5  GPa on  one  s p e c im en  a r e  a t t r i b u t e d  t o  t h e  c l o s u r e  o f  
0.155 p o r o s i t y  a s s o c i a t e d  w i t h  c r a c k s  w i t h  a s p e c t  r a t i o s  l e s s  t h a n  
10” 3.  O t h e r w i s e  p r e s s u r e  d e r i v a t i v e s  a r e  normal  w i t h  v e l o c i t i e s  
a p p r o x i m a t e l y  1 , 3 and  4-6)5 be low t h e  H a s h i n - S h t r i k m a n  bounds 
t h r o u g h o u t  t h e  0-3 GPa i n t e r v a l  f o r  s p e c im e n s  of  0 . 3 ,  2.1 and 4.8/5 
p o r o s i t y ,  r e s p e c t i v e l y .  T h e s e  m odes t  r e d u c t i o n s  i n  v e l o c i t y  and  t h e i r
s u r v i v a l  to  3 GPa i n d i c a t e  t h a t  e s s e n t i a l l y  a l l  of the  p o r o s i t y  in  
t h e s e  specimens  i s  c o n t r i b u t e d  by r e l a t i v e l y  eq u id im e n s io n a l  po res  of 
a s p e c t  r a t i o  -0 .1  -  c o n s i s t e n t  with  t h e i r  o r i g i n  as s i n t e r e d
a g g r e g a t e s .
The measured  p r e s s u r e  d e r i v a t i v e s  were compared wi th  t h o s e  of  the  
H ash in -S h t r ik m an  bounds c a l c u l a t e d  from the  p r e s s u r e - d e p e n d e n t  
s i n g l e - c r y s t a l  e l a s t i c  modul i .  With th e  s o l e  e x c e p t i o n  of  th e  
m ic ro c ra c k e d  specimen a t  p r e s s u r e  below 0.5 GPa, t h e  measured 
d e r i v a t i v e s  of wave v e l o c i t i e s  rep ro d u ce  w i t h i n  ±10$ th e  s l o p e s  of th e  
H ash in -S h t r ik m an  bounds d e m o n s t r a t in g  t h e  v i a b i l i t y  of  th e  t e c h n i q u e  
f o r  measurement of p r e s s u r e  d e r i v a t i v e s  of e l a s t i c  wave v e l o c i t i e s  on 
f i n e  g r a i n e d  p o l y c r y s t a l s .
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1CHAPTER 1.
INTRODUCTION.
The indirect nature of investigations into the composition, state 
and dynamics of the earths interior, results in a large number of 
apparently acceptable models within the constraints imposed by 
geophysical and geochemical observations. The measurement of elastic 
properties of oxides, silicates and other relevant minerals under 
controlled conditions of pressure and temperature in the laboratory, 
provides for the interpretation of seismological velocity-depth models 
in terms of chemical composition, mineralogy and temperature.
Numerous studies of the elastic behaviour of relevant materials as 
a function of pressure have been carried out, with the best results 
coming from ultrasonic studies of single crystals. Relatively large 
specimens (dimensions of a few millimetres), of gem quality are 
required. This places severe limitations on the range of materials 
studied, since the production of large single crystals is often 
difficult and becomes impossible for high pressure phases. These 
difficulties can be circumvented by the production of fine grained 
polycrystalline specimens in high pressure devices such as the 
piston-cylinder, girdle and, more recently, multiple anvil apparatus 
(eg. Liebermann et al., 1974). Sluggish kinetics of the relevant 
phase transformations make it possible to recover, metastably, 
quenched specimens of many of the relevant high pressure phases. The 
ability to reliably measure pressure and temperature derivatives of 
the elastic moduli of small polycrystalline samples would greatly 
extend the range of materials that could be examined, to include most
2quenchable  h ig h -p r e s s u re  phases .
Seismic  an iso t ropy  in the  E a r t h s ’ upper mantle i s  a t t r i b u t e d  to  
the development of a p r e f e r r e d  o r i e n t a t i o n  of o l i v i n e  g ra in s  r e l a t i v e  
to  the  t e c t o n i c  s t r e s s  or s t r a i n  (eg.  Hess, 1964; Fuchs, 1983). I t  i s  
envisaged t h a t  the  development of p r e c i s i o n  v e lo c i ty  measurement 
techn iques  fo r  p o l y c r y s t a l l i n e  samples,  may a l so  provide fo r  
de te rm in a t io n  of any e l a s t i c  an i so t ro p y  in s y n t h e t i c  o l i v i n e  
aggrega tes  deformed under a v a r i e t y  of c o n t r o l l e d  c o n d i t io n s  spanning 
the  boundary between d i s l o c a t i o n  and d i f f u s i o n a l  creep regimes (Karato 
e t  a l . ,  1986) .
The u se f u ln e s s  of p o l y c r y s t a l l i n e  samples i s  h eav i ly  dependent on 
t h e i r  a c o u s t i c  q u a l i t y  and measures t h a t  can be adopted to  minimise 
the  in f lu en c e  of dep a r tu re s  from i d e a l i t y .  P o l y c r y s t a l l i n e  m a te r i a l s  
a re  composed of c r y s t a l l i t e s  which a re  g e n e r a l ly  a n i s o t r o p i c  with 
rega rd  to  l e n g th  changes induced by v a r i a t i o n  of tempera ture  and 
p re s su re  (cubic  c r y s t a l l i t e s  a re  an important e x ce p t io n ) .  Samples a re  
u s u a l ly  produced by s i n t e r i n g  a t  high temperatures  with or without the  
a id  of p re s su re  -  co n d i t io n s  which al low most i n t e r n a l  s t r e s s e s  to  
r e l a x  during fo rm at ion .  Cooling and decompression t o  ambient 
c o n d i t io n s  r e s u l t  in  the  development of c o n s id e ra b le  i n t e r n a l  s t r e s s e s  
as a consequence of the  c r y s t a l l i t e  an i so t ro p y ;  un le ss  the  g ra in  s i z e  
i s  very sm al l ,  these  s t r e s s e s  a re  l i k e l y  to  r e s u l t  in microcracking  
(Evans,  1978). The e l a s t i c  p r o p e r t i e s  are  p a r t i c u l a r l y  s e n s i t i v e  to  
the  presence  of low aspec t  r a t i o  p o r o s i ty  such as microcracks  ( e .g .  
Jackson,  1986).  I t  i s  t h e r e f o r e  necssa ry  to  c lo se  any microcracks  
caused by coo l ing  and decompression,  i f  the  i n t r i n s i c  e l a s t i c  
p r o p e r t i e s  a re  to  be measured.  I f  the  sample i s  p laced  in  a 
h y d r o s t a t i c  environment with a s u i t a b l e  j a c k e t  to  exclude the  p re s su re  
medium, i t  has been shown t h a t  a t  ~1 GPa most c racks  of consequence 
a re  c losed  and t h a t  i n t r i n s i c  e l a s t i c  p r o p e r t i e s  can be r e l i a b l y
3determined (Christensen, 1974).
This work examines the techniques, complications and accuracy of 
high frequency acoustic velocity measurments on fine-grained 
polycrystalline samples to 3 GPa of pressure.
4CHAPTER 2.
TECHNIQUES AND BACKGROUND.
2.1. BUFFER-ROD ASSEMBLY FOR VELOCITY MEASUREMENT ON JACKETTED 
POLYCRYSTALS TO PRESSURES OF 3 GPA.
The arrangement used for this set of experiments is shown in fig. 
1. The high pressure cell is based on a 12.7 mm diameter piston and 
cylinder apparatus utilising Bridgman unsupported area seals at each 
end to contain the pressure medium, which is a 1:1 by volume mixture 
of n-pentane and iso-pentane. The larger part of the upper seal 
doubles as an acoustic buffer-rod with a 3-2 mm diameter 20 MHz 
LiNbO^ parallel plated transducer attached with Aremco Crystalbond to 
the ambient pressure end. Transducer orientations used were 36° 
rotated Y-cut for compressional waves and 410 rotated X-cut for shear 
waves. The ends of the buffer-rod are 15.1 mm apart and are ground 
and polished so as to be parallel with each other, with the final 
polish being performed with 1 y diamond paste. The surface in contact 
with the sample is flat within -0.5 u over the central region 
intersected by the ultrasonic beam.
The lower seal contains an electrical feed-through composed of a 
dental cement cone and 4 bore alumina tubing of 0.85 mm O.D. . Four 
copper wires are fed through this seal and into a 1 mm hole in the 
centre of the tungsten carbide piston and its pusher. The wires are
0 - 3  G Pa PRESSURE CELL FOR VELOCITY 
MEASUREMENT OF POLY CRY ST ALL1NE MATERIALS
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FIGURE 1. Experimental  c o n f ig u r a t io n  fo r  the  measurement of
u l t r a s o n i c  v e l o c i t i e s  in  j a c k e t t e d  p o l y c r y s t a l l i n e  samples to  3 GPa
h y d r o s t a t i c  p r e s su re .
6brought out along a radial slot in the bottom of the pusher and emerge 
through a 2 mm hole in the side of the bridge which supports the 
pressure vessel. Two of these wires connect with the free end of the 
coil of manganin wire which is wound around the body of the seal. The 
other end of the manganin wire is spot-welded onto the body of the 
seal which allows a three wire resistance measurement to be made with 
a Mueller bridge. The manganin gauge has a nominal resistance of 40 Q 
which increases by approximately 1 Q / GPa . The gauge resistance at 
any pressure can be determined to a precision of -1 mfl .
The manganin wire gauges are calibrated by comparison to 3 GPa 
with a laboratory standard minalpha wire gauge which has been 
calibrated against the following pressure standards (see Niesler et 
al. 1987 for details);
a/, a well-calibrated manganin gauge kindly supplied by Dr. E. C. 
Morris of National Measurement Laboratory, CSIRO Division of Applied 
Physics, Lindfield, New South Wales (intercomparison over the 0 - 0 . 8  
GPa pressure interval).
b/. the Bismuth I «-*■ II equilibrium pressure at -2.5 GPa.
The majority of the high pressure work was carried out using gauge 
#1, which was found to have a resistance - pressure relation
R = Rq ( 1 + a-] P + a3 P^ )
where
R0 = 42.4085 fl
= ( 2.5817 ± 0.0011 ) x 10"2 GPa"1
a3 = ( -9.77 ± 1.1 ) x 10"5 GPa"3
A single compressional wave run on olivine polycrystal #4994 had 
to be carried out with a second gauge (#2), after the metal spigot of
7the seal on which gauge #1 was wound, failed under pressure. The 
resistance - pressure relation for this gauge is of the same form but 
with co-efficients
R0 = 40.4605 a
= ( 2.5834 ± 0.0011 ) x 10~2 GPa"1 
a3 = ( -9.85 ± 1.2 ) x 10"5 GPa"3
The polycrystalline sample to be measured is contained within an 
annealed copper jacket with an I.D. of 7 mm and a wall thickness of 
-0.3 mm. The jacket extends to the bottom of the 0-ring groove at 
each end, the seal being effected by the combination of a polyurethane 
0-ring and a snug fitting lead backup washer (see fig.1). In order to 
assemble the sample seals, the sample region is evacuated before the 
0-rings are pushed into their grooves. Atmospheric pressure then keeps 
the assembly together until it is loaded into the pressure vessel and 
pressurised. This also serves as a means of checking the integrity of 
the 0-ring seals as any leakage of air past the seal reduces the 
pressure differential across the seal - ultimately causing the 
specimen assembly to fall apart. This sealing arrangement .can be made 
to work reliably over the complete 3 GPa pressure range.
The acoustic environment of the sample is as follows. For some of 
the experiments the sample is in direct contact with the buffer-rod. 
However, this arrangement does not necessarily behave as a simple 
interface (see section 3.2.2). A sheet of 2.1 y thick gold foil was 
therefore generally placed at this interface to provide a "well 
defined" bond. The gold layer also provides for some relaxation of 
stresses at this interface due to differential compressibility between 
sample and buffer-rod. The far end of the sample is in contact with a 
lead disc -1 mm thick. The lead used is punched from commercially
3a v a i l a b l e  f l a s h i n g  m a t e r i a l  and i s  ex t re m e ly  a t t e n u a t i n g ,  r e s u l t i n g  in 
no r e t u r n  of  energy  r e f l e c t e d  from i t s  r e a r  s u r f a c e  in  t h e  1 0 - 8 0  MHz 
f r eq u en cy  range  used f o r  u l t r a s o n i c  v e l o c i t y  measurements .
92.2. VELOCITY MEASUREMENT IN THE BUFFER-ROD CONFIGURATION BY 
ULTRASONIC PHASE COMPARISON.
Buffer-rod techniques are commonly used in ultrasonic wave 
propagation experiments, as they allow the removal of the 
piezo-electric transducer from the immediate vicinity of the sample. 
As the transducer is not directly associated with the sample signal 
path , there is no need to correct for transducer-bond reflection 
phase shifts, which can significantly perturb sample traveltimes (see 
Davies & O'Connell, 1977 and Jackson et al., 1981). However the 
buffer-rod technique does not always eliminate the need for 
corrections, as the sample is often bonded to the buffer-rod. This 
thin bonding layer produces reflection and transmission phase shifts 
which are generally smaller effects than the influence of a transducer 
mounted directly on a sample (McSkimin 1957,1961). When one has the 
freedom to choose the materials to be used for buffer-rods and bonds, 
then acoustic impedances can be chosen so as to minimise the influence 
of the bonding layer (see section 3*2.1).
Buffer-rods are also used for measuring samples placed in 
environments that are hostile to the ultrasonic transducer, with 
examples being the work of Spetzler et al. (1969) on the elasticity of 
MgO to simultaneous high temperature and pressure, and Katahara et al. 
(1981) who measured properties of melts at room pressure and high 
temperature.
The buffer-rod technique employed in the current set of 
experiments, allows the implementation of an arrangement which 
isolates the specimen pore space from the pressure medium so that 
hydrostatic pressure will close cracks within the sample, allowing
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d e te rm in a t io n  of p r o p e r t i e s  which approach the  i n t r i n s i c  e l a s t i c  
p r o p e r t i e s  of the p o l y c r y s t a l .  Being p a r t  of the p re s su re  v e s s e l  sea l  
(see  f i g . 1 ) ,  the  b u f f e r - r o d  can be made s u f f i c i e n t l y  long to  avoid 
i n t e r f e r e n c e  between the  f i r s t  sample echo and l a t e r  echoes w i th in  the 
b u f f e r - r o d .
With the t r an sd u ce r  p laced  o u t s id e  the  high p re s su re  r e g io n ,  i t  
can be mounted with a r i g i d  bond, which r e s u l t s  in  wide bandwidths and 
hence f a s t  pu lse  r i s e  t imes ,  which a re  d e s i r a b l e  fo r  samples with 
s h o r t  t r a v e l t i m e s .  Problems a r i s e  i f  r i g i d l y  mounted t r a n s d u c e r s  are  
p laced  w i th in  the  high p re s su re  c e l l ,  as d i f f e r e n t i a l  c o n t r a c t i o n  
under p re s su re  can r e s u l t  in  the  c racking  of the  t r a n sd u ce r  or the 
d i s r u p t i o n  of the bond f a i l i n g .  The e x t e r n a l l y  mounted t r an sd u ce r  
a l so  minimises the  number of e l e c t r i c a l  feedthroughs  r e q u i r e d .  With 
the  not uncommon f a i l u r e  of wires w i th in  the  d e n ta l  cement cone s ea l  
under p r e s s u r e ,  and the  o ccas io n a l  mishaps which a r e  i n e v i t a b l e  when 
mixing f i n e  wires and bulky equipment, the  e f f e c t i v e  l i f e  of a cone 
s e a l  can be s i g n i f i c a n t l y  extended by r e q u i r i n g  the  use of only two of 
four  a v a i l a b l e  wires ( fo r  p re s su re  measurement) during an exper iment .
The phase comparison method fo r  measuring sample t r a v e l t im e  
invo lves  the  t r a n sm is s io n  of two phase-coheren t  b u r s t s  of sinewaves 
from the p i e z o - e l e c t r i c  t r a n sd u ce r  a t  the  f a r  end of the  b u f f e r - r o d .  
When the  f i r s t  pu lse  of sinewaves a r r i v e s  a t  the  buffe r - sam ple  
i n t e r f a c e ,  p a r t  of the energy i s  r e f l e c t e d  to  the  t r a n s d u ce r  (b u f fe r  
echo) and sane i s  t r a n s m i t t e d  i n t o  the  sample.  A f te r  two-way 
p ropaga t ion  through the  sample t h i s  pu lse  i s  again  p a r t l y  r e f l e c t e d  
and p a r t l y  t r a n s m i t t e d  (sample echo) a t  the  sam ple-buf fe r  i n t e r f a c e .  
By sending the  two pu lses  with a spacing  equal to  the  sample two-way 
t r a v e l t i m e ,  one can over lap  the  b u f f e r  echo from the second pu lse  with 
the  f i r s t  sample echo a r i s i n g  from the  f i r s t  p u l s e .  These 
mechanical ly  superimposed pulses  then r e t u r n  to  the  t r an sd u ce r
allowing the interference between them to be explored by variation of 
the carrier frequency.
Fig. 2 is a schematic diagram of the ultrasonic interferometer. 
The phase comparison technique was pioneered by McSkimin (1950) and 
the instrumentation is a minor variant of that used in Jackson et al. 
(1981). The frequency synthesizer provides a continuous sinusoidal 
output of controlled frequency, which is gated into two phase coherent 
pulses, separated by the sample round trip traveltime. A switch 
directs these two pulses to the transducer on the buffer-rod and then 
connects the receiving circuit to the transducer. The returning signal 
containing the overlapped sample and buffer-rod echoes is selected by 
a gating circuit and passed on to a superheterodyne detector. By 
sweeping the frequency of the synthesizer one achieves alternately 
conditions of constructive (maxima) and destructive (minima)
interference. The detected amplitude may be plotted as a function of 
frequency as shown in fig.2; alternatively, the frequencies associated 
with the extrema of the interference pattern may be acquired for 
subsequent processing. Data acquisition was confined to minima as 
these are sharper than maxima and less easily displaced in frequency 
by such factors as the transducer response envelope, stray echoes or 
background electrical noise (see Jackson et al. 1981, for analysis).
Frequencies of the minima, f, are related to the sample 
traveltime, s, by
P
s = - [1.
where p is the number of elapsed carrier periods in one sample round 
trip traveltime. The variable p may assume either integral or 
half-integral values depending on impedance contrasts in the 
buffer-rod assembly. With reference to fig. 1 , if the buffer-rod, 
sample and lead disc have respective acoustic impedances of Z\ , Z2,
DOUBLE
PULSE FAST
ELECTRONIC
SWITCH
TRANSDUCER
ECHOES
INPUT
SIGNAL BUFFER ROO1st ECHO
& SAMPLESELECTED
ECHOES
10.7 MHz
frequency
PRF
COUNTER
TIM ING
CLOCK
MIXER
GATE
GATED AMP.DETECTOR
I.F. AMP. &
FREQ. 
SYNTH. 
10-100 MHZ
RAMP
GENERATOR
FIGURE 2. Block diagram of the  u l t r a s o n i c  i n t e r f e r o m e t e r
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Z3 . t h e n  an i n c i d e n t  s t r e s s  wave o f  u n i t  a m p l i t u d e  g i v e s  r i s e  t o  a 
wave r e f l e c t e d  o f f  t h e  b u f f e r  sam p le  i n t e r f a c e  ( b u f f e r  echo )  o f  
a m p l i t u d e  R-] 2 » g i v e n  by
Rnm [2
I f  Z2 < Z-| t h e n  R-| 2 < 0 and we have  a 1 /2  c y c l e  p h a s e  s h i f t  a s s o c i a t e d  
w i t h  r e f l e c t i o n  a t  t h a t  i n t e r f a c e .
The sa m p le  echo has  u n d e rg o n e  two t r a n s m i s s i o n s  t h r o u g h  t h e  
b u f f e r - s a m p l e  i n t e r f a c e  and a r e f l e c t i o n  a t  t h e  i n t e r f a c e  b e tw e en  t h e  
s a m p le  and  t h e  l e a d  d i s c .  Hence i t s  a m p l i t u d e ,  Re , i s
Re = T 12 t 21 r 23 
2 Zm
where Trim = 7 ------r T ~  [4^n Zjm
i s  t h e  a m p l i t u d e  t r a n s m i s s i o n  c o - e f f i c i e n t  f o r  a s t r e s s  wave 
t r a v e l l i n g  from medium n i n t o  medium m. As t h e r e  i s  no p h a s e  change  
a s s o c i a t e d  w i t h  t r a n s m i s s i o n  ( T ^  a lw ays  > 0 ) ,  t h e  p h a s e  o f  Re i s  
d e t e r m i n e d  by t h e  impedance  c o n t r a s t  a t  t h e  i n t e r f a c e  be tw een  t h e  
s a m p l e  and  t h e  l e a d  d i s c .  Hence t h e  s t a t u s  of  p ca n  be d e t e r m i n e d  from 
t h e  a s s e m b ly  impedance  c o n t r a s t s  v i a  t h e  p a r a m e t e r
AZ1 2 Z 2 “ Z1
n = AZ23 = z 3 -  z 2 *
I f  n > 0 t h e  i n t e r f e r e n c e  minima a r e  a s s o c i a t e d  w i t h  h a l f - i n t e g r a l  
v a l u e s  o f  p as  t h e r e  a r e  e i t h e r  0 o r  1 /2  c y c l e  r e f l e c t i o n  p h a s e  s h i f t s
a t  b o t h  i n t e r f a c e s ,  and  i f  n < 0 t h e n  p i s  i n t e g r a l  f o r  minima as
t h e r e  i s  o n l y  one  1/2  c y c l e  r e f l e c t i o n  p h a s e  s h i f t .
Once t h e  s t a t u s  of  p has  been  d e t e r m i n e d  i t  i s  n e c e s s a r y  t o
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determine  i t s  a b so lu te  value.  The procedure  fo r  t h i s  i s  o f ten  
complicated  by the  sample t r a v e l t im e  being frequency dependent ( s = 
s ( f )  in  eq.1) due to  t ran sd u ce r  d i f f r a c t i o n  e f f e c t s  and/o r  the 
in f lu e n c e  of a bonding la y e r  between b u f f e r  and sample (see  s e c t i o n  
2 . 3 ) .  The p ass ignment i s  dependent on o b ta in in g  a rea sonab le  sample 
t r a v e l t i m e  e s t i m a te ,  s e , from the frequency change between su ccess iv e  
minima. I f  we have two minima, of f r eq u e n c ie s  f-j and f 2 , with unknown 
p ass ignments ,  p-| and p2 , r e s p e c t i v e l y ,  but known i n t e g r a l  p increment 
(P2 - p i ) ,  and a l o c a l l y  l i n e a r  f r e q u e n c y - t r a v e l t im e  r e l a t i o n s h i p  then 
we have
P1
31 = 77 
p 2
s 2 -  — z  -  S1 + s ' ( f 2 -  f l )
and s '  i s  the  mean t r a v e l t im e  g r a d ie n t  between the  two minima. An 
e s t im a te  of the  t r a v e l t i m e  i s  provided by
p2 -  P1
s e = --------------- = s 2 + s'f-j [6
f 2 -  f!
from which i t  i s  ev iden t  t h a t  the  t r a v e l t i m e  e s t im a te  can be very
dependent on the  l o c a l  t r a v e l t im e  s lope  s '  . I t  a l s o  fo l lows  from 
equat ion  (6) t h a t  s e i s  always ou ts id e  of the  range [s-j , s 2] when s '  i s  
not equal to  zero .
Once a t r a v e l t im e  e s t im a te  has been o b ta in ed ,  one can e s t im a te  p 
fo r  a p a r t i c u l a r  minimum using eq. 1. This va lue ,  pe , i s  i n i t i a l l y
t r e a t e d  with some c a u t io n ,  but i s  used to  ass ign  p va lues  to  a l l  
consecu t ive  minima. I f  an e r r o r  of Ap has been made in  the  assignment 
then a p lo t  of t r a v e l t im e  versus  frequency w i l l  have the  form
Pe P Ap
t e = = — + , [/
f  f  f
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where t e i s  the e s t im ated  t r a v e l t i m e .  With s u f f i c i e n t  spread  in 
frequency ,  of the d a ta ,  the  Ap/f term can be i d e n t i f i e d  and the p 
assignment a d ju s ted  (by an i n t e g e r )  to  minimise t h i s  term. When the  
c o r r e c t  p assignment has been achieved (pe = p ) ,  then Ap = 0 and t e =
t .
With the c u r r e n t  exper imental  t echn iques ,  minima a re  determined to  
a p r e c i s i o n  of ~5 khz, so to  o b ta in  a rea sonab le  t r a v e l t im e  e s t im a te  
the  minima in  eq. 6 a re  chosen to  be >5 Mhz a p a r t .  Transducer  
d i f f r a c t i o n  e f f e c t s  and/or a buffe r - sam ple  bond produce a genera l  
background s '  of magnitude < 2nS /  10Mhz in  the  1 0 - 2 0  Mhz frequency 
band which d im in ishes  to  almost zero in  the  60 -  80 Mhz range .  
However, i f  the  minima a re  very shal low,  they can e a s i l y  be s h i f t e d  in  
frequency by the  t r a n sd u ce r  response  envelope or by s t r a y  background 
echoes,  of small  ampli tude ,  appear ing  in  the  t ime window of i n t e r e s t .  
This o f t e n  occurs  in  the  10 -  20 Mhz range with the  high p re s su re  
b u f f e r - r o d  and i s  thought to  a r i s e  from s i g n i f i c a n t  n on -ax ia l  
r a d i a t i o n  from the t r an sd u ce r  c r e a t i n g  echoes t h a t  t r a v e l  along 
complex pa ths  w i th in  the  b u f f e r - r o d  be fo re  r e t u r n i n g  back to  the  
t r a n s d u c e r .  This e f f e c t  d imin ishes  r a p i d l y  with i n c r e a s in g  frequency 
as the t r a n sd u ce r  becomes more d i r e c t i o n a l  in i t s  emission 
c h a r a c t e r i s t i c s .  These secondary e f f e c t s  can sometimes dominate s ’ 
(be ing up to  an o rde r  of magnitude l a r g e r  than the  background) and 
hence produce poor i n i t i a l  t r a v e l t im e  e s t i m a te s .  However, i f  eq. 1 i s  
used with  an s e which i s  poor,  on minima of low frequency (~10Mhz) the  
p va lues  a re  o f t e n  so low ( g e n e ra l ly  10 < p < 30) t h a t  the  c o r r e c t  p 
value  i s  s t i l l  ob ta in ed .
Data a re  u s u a l ly  ob ta ined  in  two frequency bands (10 -  35 Mhz and 
50 - 75 Mhz, a s s o c i a t e d  with the  f i r s t  and t h i r d  harmonic of a 20 Mhz 
t r a n s d u c e r ) ,  so t h a t  once p ass ignment has been c a r r i e d  out on the  
f i r s t  harmonic f r e q u e n c i e s ,  the  t r a v e l t im e s  ob ta ined  from the h ig h e s t
frequencies in this band can be used to assign p 
the third harmonic band. Once this is done the
values to the data in 
traveltime-frequency
data can be examined to see that they satisfy eq. 7.
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2.3 PHASE SHIFTS FOR THE BONDED BUFFER-ROD CONFIGURATION.
In the buffer-rod configuration, a bond is commonly used’ to 
provide improved acoustic coupling between buffer and sample. This 
layer has an acoustic impedance, Zb, that generally differs from the 
impedances of the buffer-rod, Zy , and the sample, Z2 » resulting in a 
trapping of the wave within the bond. This wave decays as it looses 
energy into the adjacent media at each interface reflection. With no 
attenuation in the bond, all energy entering the bond has to 
ultimately leave it, resulting in a series of delayed wavelets, which 
when recombined result in reflected and transmitted waves that are 
modified in amplitude and phase relative to the original wave.
As we are interested in sample traveltime, only the phase effects 
of the bonds will be considered. For a bond of thickness, 1, and wave 
velocity, v, the thickness of the bond, 9, in terms of phase of a 
sound wave of frequency, f, is
2irf 1
9 = ------  . [8
v
The stress wave reflection phase shift, $r, is given by (McSkimin 
1950,1957)
tan 1 ( N / D ) for D > 0
tan-1 ( N / D ) + TT for D < 0
N = 2 Zb Zy (Z| - Zg) tan 9
D = Zg (Z| - Zi2) + (Zb " zf z2) tan2 0
Once the value of 3>r has been determined, the status of the minima has 
to be considered (ie. whether they have integral or half-integral p
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ass ignm ents ) ;  fo r  i n t e g r a l  ass ignments  a s s o c i a t e d  with n ega t ive  n (see  
eqn. 5 ) $r  must be changed by ±tt to  r e t u r n  i t  w i th in  the  range of 
[ - tt/ 2 ,  tt/ 2  ] as the  h a l f  cycle  r e f l e c t i o n  phase s h i f t  i s  a l ready  
accounted f o r  in  the  s t a t u s  of p.
The s t r e s s  wave t r a n sm is s io n  phase s h i f t ,  i s
= t a n “ 1
Zi Z2 + z b 
Zb (Z1 + Z2)
tan 9 [10
i r r e s p e c t i v e  of the p ropaga t ion  d i r e c t i o n  through the  bond s ince  i s  
unchanged by in te rchange  of Z-| and Z2 . For t h i n  bonds i s  always a 
phase l a g ,  c o n t r i b u t i n g  p o s i t i v e l y  to  the  measured t r a v e l t i m e .
In  a b u f f e r - r o d  exper iment ,  where the  f i r s t  sample echo (which i s  
t r a n s m i t t e d  through the  bond twice)  i s  overlapped with the  b u f fe r  echo 
r e f l e c t e d  a t  the  buffer-bond-sample  i n t e r f a c e ,  the  r e s u l t a n t  phase 
s h i f t ,  i s  given by
= 2 -  $ r  [11
which i s  to be added to  the  sample phase s h i f t  ( i e .  2L /  V, L and V 
be ing sample l e n g th  and v e l o c i t y ,  r e s p e c t i v e l y  ) a s s o c i a t e d  with 
r o u n d - t r i p  wave p ropaga t ion  through the  sample.
This theory  i s  app l ied  in  s e c t i o n  3.1*2 to  c a l c u l a t e  the  
t r a v e l t i m e  p e r t u r b a t i o n s  a s s o c i a t e d  with a g ly c e r in e  bond between the  
AI2O3 specimen and e i t h e r  an M2 s t e e l  or an o p t i c a l  f l a t  b u f f e r - r o d  
( f i g .  8 ) .  Table 1 co n ta in s  the r e l e v a n t  a c o u s t i c a l  p r o p e r t i e s  of the
m a t e r i a l s  used in  t h i s  s tudy .
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VELOCITY ACOUSTIC IMPEDANCE
MATERIAL DENSITY P S p* s*
( g/ cm3) (km/s) (km/s)
M2 STEEL 8 . 01 0 5.91 3 . 22 47.4 25.8
OPTICAL FLAT 2.515 5.99 3.45 15.1 8 . 78
AI2O 2 3.907 10.53 6.23 41 .1 24. 3
OLIVINE 4700 3.333 8.29 4.77 27.6 15.9
OLIVINE 4994 3.178 7.84 4.63 24.9 14.7
FLOAT GLASS 2.501 5.84 — 14.6 —
LEAD 11.34 2.23 0.875 25.3 9.92
GOLD 19.28 3.24 1 . 20 62.5 23.1
1:1 GLYC.-PTH. AN. 1 .32 2.07 0.53 2.73 0.70
ETHANOL 0.787 1.13 — 0.89 —
TABLE 1 . Acoustic  p r o p e r t i e s  of m a t e r i a l s  used in  t h i s  s tudy.
* Acoust ic  impedance i s  in  u n i t s  of 10° Pa. s m- 1 .
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2.4 TRANSDUCER DIFFRACTION EFFECTS.
P r e c i s i o n  measurements of sample t r a v e l t im e s  can be pe r tu rb ed  by 
e f f e c t s  a r i s i n g  from the f a c t  t h a t  the  u l t r a s o n i c  t r a n sd u ce r  i s  
t y p i c a l l y  only a smal l  number of wavelengths in  diameter and the
wavefront  g e n e r a l ly  t r a v e l s  only a smal l  number of t ran sd u ce r  r a d i i  in 
i t s  t o t a l  p ropaga t ion  path  l e n g th .  These e f f e c t s  are  a t t r i b u t a b l e  to  
the  f a c t  t h a t  the  u l t r a s o n i c  t r a n s d u c e r ,  when e x c i t e d  by a vo l tage
s t e p ,  g en e ra te s  a s tep  s t r e s s  wave from i t s  f ace  and a s tep  s t r e s s  
wave of o p p o s i te  p o l a r i t y  from i t s  edge (see  Kozina and Makarov 1961, 
C h a l l i s  1982). As a consequence the  r e s u l t a n t  wavefront changes in 
shape as i t  t r a v e l s  away from the t r a n s d u c e r .  Only a t  l a r g e  d i s t a n c e s  
from the t r a n s d u ce r  has the wavefront evolved s u f f i c i e n t l y  f o r  i t s
shape to  remain s t a b l e .
The mathemat ica l  aspec t  of the  problem has been well  t r e a t e d ,  with 
Seki e t  a l . ( 1956) showing how wavefronts  evolve and confi rming
ex p er im en ta l ly  through ampli tude a t t e n u a t i o n  measurements the 
in f lu en c e  of the  phenomenon. Papadakis (1966) extended the  problem to  
a n i s o t r o p i c  m a t e r i a l s  and shows one of the  few pub l ished  a t tem p ts  a t  
c o r r e c t i n g  P wave v e lo c i ty  da ta  fo r  d i f f r a c t i o n .  The c o r r e c t i o n  i s  
q u a l i t a t i v e l y  c o r r e c t  but appears  not to  be l a rg e  enough.
In t h i s  work, c o r r e c t i o n s  a re  ob ta ined  from the ex ten s iv e  t a b l e s  
of Benson and Kiyohara (1974) a f t e r  c a l c u l a t i n g  the  normalised 
d i s t a n c e ,  z ,  t h a t  the  echo p ropaga tes ,
L X
z = --------
a2
[p ro p ag a t io n  d i s t a n c e  /  t r an sd u ce r  r a d iu s ]
[ t r a n s d u c e r  r a d iu s  /  wavelength]
[12
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where L is the propagation distance, X is wavelength and a is the 
transducer radius. The diffraction phase shift diminishes in size as 
z diminishes, so that from eqn. 12, as the frequency increases the 
transducer diameter-to-wavelength ratio increases resulting in a 
decreasing z and hence smaller phase shift. In experimental, data P 
waves show greater diffraction effects than S waves, presumably 
because their higher velocities and hence longer wavelengths, result 
in a comparatively larger z value.
In a buffer-rod experiment the z values are calculated in the 
following manner (Papadakis et al. 1973)* For the buffer echo, in a 
buffer-rod of length Lb and velocity Vb, the normalised distance zb is
zb
2 Lb Vb 
a2 f
[13
for the sample echo it is
2 Lb Vb 2 L V
zs = --------- + --------- . [14
a2 f a2 f
The phase correction, A$, which after division by the angular 
frequency is added to the measured traveltime, is obtained by
A$ = $( z3 ) - zb ) [15
after $ has been determined from the tables.
Winkler and Plona (1982) applied these corrections to their 
buffer-rod data and were able to convincingly remove an observed 
velocity increase as frequency decreased, but found that at 
sufficiently low frequencies the corrections became totally 
inadequate. This occurred when normalised distances became greater 
then -4 and -8 for the buffer and sample echoes respectively, and
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resulted in a dramatic fall in velocity to values below that expected 
for their sample and which they had obtained over most of their 
frequency band. Increasing the size of their transducer allowed them 
to work to lower frequencies and from their comments the corrections 
again became inadequate for normalised distances zö > 8 and zs > 15 . 
The ability to obtain data at lower frequencies by using a larger 
transducer is consistent with diffraction theory, however the observed 
decrease in velocity to values less than the free space velocity is 
not; as the theory predicts only velocity increases at all values of 
normalised distance. The rather different values of normalised 
distance where the corrections break down, for the different size 
transducers, also indicates that there are limitations to the theory.
Aindow et al. ( 1985) and Chi vers et al. (1980) investigated the 
behaviour of disk ultrasonic sources by measuring the acoustic fields 
of these devices when immersed in a tank of water. Their results show 
significant departures from theory and if the transducers are ascribed 
an effective radius which can be adjusted to optimise agreement with 
the theory, it was found that this radius was generally (apart from 
one exception) less than the physical radius of the transducer. The 
effective radius varied fron ~0.7 to -1.2 times the geometric radius 
and estimates for the same transducer varied significantly with the 
criteria used for the calculation and the frequency at which the 
measurement was made.
In one and two transducer experiments (see Appendix B) , the two 
sample echoes have a fixed relationship to each other, so that only a 
single calculation of the path difference between the two echoes needs 
to be made. With the use of the relationship in fig. 3, phase
corrections are easily obtained for this experiment.
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o  0.06
LL 0.04
<  0.02-
AS = 2LV/a f
FIGURE 3* Diffraction phase shift correction for one and two 
transducer experiments. AS = 2 L V / a2 f where 1 and V are sample 
length and velocity respectively, a is transducer radius and f is the
frequency.
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2.5 THE ACOUSTIC BEHAVIOUR OF THE INTERFACE FORMED BY ROUGH ELASTIC 
SURFACES IN CONTACT.
Evidence will be presented in Chapter 3 which demonstrates that 
the interface between buffer-rod and sample (in unbonded experiments), 
is far more complicated than may be expected and requires further 
consideration, as to its behaviour during a high pressure run. Both 
surfaces contain topographical features of a wide range of wavelengths 
which results in very little actual intimate contact between the two 
surfaces, even at high normal stresses.
Long wavelength surface features arise from such factors as a 
slight rocking of the sample against the polishing surface during 
sample preparation, as a result of limitations in our polishing jig. 
This gives rise to an overall curvature of the surface, which, when 
modelled as being part of a spherical surface, has a radius >4 meter. 
At the shorter wavelengths (~1 y) features are induced by the abrasion 
of the polishing material and the manner in which the surface polishes 
(see Huffington 1980).
Using surface profilometry, it is possible to calculate the power 
spectral densities of surface features, for a large range of 
wavelengths. Brown and Scholz (1985) have demonstrated through this 
technique that there is a continuum of wavelengths present on all 
surfaces, right down to the limits of their resolution (-10 y) , with 
decreasing power spectral density with decreasing wavelength. This 
occurs because surface features have heights that are generally less 
than their wavelengths (i.e. mean surface gradients are quite small, 
<30°), hence power in surface features tends to be proportional to 
wavelength squared. In their study of granite and glass surfaces with 
quite different histories, they also found that at wavelengths of
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< 300 y , the  power s p e c t r a l  d e n s i t i e s  were remarkably s i m i l a r ,  from 
which they i n f e r  (and as i s  observed exper im en ta l ly )  t h a t  the  c lo su re  
of the  co n tac t  between two s u r f a ce s  i s  remarkably s i m i l a r  over a l a rg e  
range of m a t e r i a l s  and s u r fa ce  roughnesses .  The work of Goodman(1976) 
demonst ra ted  e m p i r i c a l l y  a r e l a t i o n s h i p  between the  s t i f f n e s s  of a 
j o i n t ,  k, and a p p l i e d  p re s s u r e ,  P, of the  form
dP P
k —  = — [16
d6 B
where 5 i s  the  c lo su r e  d i s t a n ce  of the j o i n t .  The c o n s t a n t ,  B, was 
given meaning by Brown and Scholz (1986),  when they p laced  i n t o  t h e i r  
equa t ion  r e l a t i n g  c lo s u r e  d i s t a n ce  to  ap p l ied  s t r e s s ,  an exponen t ia l  
he igh t  p r o b a b i l i t y  d i s t r i b u t i o n  fu n c t io n  fo r  the  s u r f a c e  topography. 
I t  i s  found t h a t  B i s  then the  s tan d a rd  d e v ia t i o n  of a s p e r i t y  h e ig h t s  
( i . e .  the  measure of su r fa ce  roughness) .  To u n d e r l in e  the  d i f f i c u l t y  
in  o b ta in in g  i n t im a te  or "welded” con tac t  between two hard s u r f a c e s  a 
b r i e f ,  ex p e r im en ta l ly  o r i e n t e d  d i s c u s s io n  fo l low s .
The con tac t  of two n o n f la t  s u r f a c e s  was o r i g i n a l l y  t r e a t e d  by H. 
Hertz  in  1881, who cons idered  two s p h e r i c a l  bodies being fo rced  
t o g e t h e r .  We w i l l  look a t  the  s im ple r  case of a s p h e r i c a l  e l a s t i c  
su r fa ce  of r a d i u s ,  R, in  c on tac t  with a f l a t ,  i n f i n i t e l y  hard  s u r f a c e .  
To o b ta in  co n tac t  between the  su r f a c e s  a t  a d i s t a n c e ,  r ,  from the 
i n i t i a l  po in t  of c o n ta c t ,  then a fo rce  F, has to  be a p p l i e d ,  g iven by
4 r3 Y
F = -----------------------  [17
3 (1 ~ v2 ) R
where Y and v a re  » re s p e c t iv e ly ,  the  Youngs modulus and Poissons  r a t i o  
of the  s p h e r i c a l  s u r fa ce  (Timoshenko & Goodier 1970).  I f  we cons ider  
the  high p re s su re  b u f f e r - r o d  assembly with a curved b u f f e r - r o d  face  (R
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- 4 meter) against a very hard, flat sample, then the hydrostatic 
pressure required to bring the surfaces in contact over a 3mm radius 
(equivalent to the transducer diameter), is, using equation 17, 
approximately 10 MPa. Clearly gross surface mismatch is removed at 
very modest pressures. However, the shorter wavelength
mismatches are very much harder to remove.
In an interesting experiment, Williamson and Hunt (1972) roughened 
the surface of a piece of aluminium and then made an indentation with 
a smooth steel ball. Surface profilometry revealed that the actual 
contact area between the ball and aluminium was -50% of the nominal 
contact area, and despite bulk deformation the surface showed the 
remarkable persistance of asperities. A number of metals were tested, 
and provided they were of uniform hardness, they all gave very similar 
results. Pullen and Williamson (1972) investigated the behaviour of 
contact between a rough aluminium and a smooth flat steel surface, to 
very high normal stress levels, and found a relationship between 
degree of contact, ß, normal stress, S, and- the material hardness, H, 
of
( S/H )
ß = ------------ . [18
( S/H ) + 1
Woo and Thomas (1980) have examined the results of a number of workers 
to obtain a relationship between ß and the dimensionless load (S/H) 
over the wider range 10-i*  ^ (S/H)  ^4, of
ß = ( S / H ) °-83 [19
This equation is a better fit to the data than eq. 18, below (S/H) 
= 0.1 . Above (S/H) = 0.4, Pullen and Williamson's data diverge
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s i g n i f i c a n t l y  both from o ther  exper imental  da ta  (which only go to  
(S/H) = 1) and eq. 18 which b e s t  f i t s  t h e i r  d a ta .  However Woo and 
Thomas po in t  out t h a t  the  d i f f e r e n c e  i s  a t t r i b u t a b l e  to  exper imental  
techn ique .  The Pu l l en  and Will iamson sample was c o n s t r a in e d  by a 
s t e e l  h o ld e r ,  and they were ab le  to  o b ta in  da ta  to  d imens ionless  loads 
of -4 ,  without any bulk deformat ion .  As the high p re s su re  b u f f e r - r o d  
environment i s  s im i l a r  in  t h i s  aspec t  ( i . e .  bulk flow does not 
o c cu r ) ,  eq. 18 i s  the most a p p l i c a b l e  a t  high s t r e s s e s .
The M2 b u f f e r - r o d  has a nominal hardness  of Rockwell C 63, which 
i s  e q u iv a l en t  to  a ha rdness ,  H, of 6.7 GPa. I f  the  assembly i s  run 
with a much harder  specimen (AI2O3 fo r  i n s t a n c e ) ,  then a t  3 GPa the 
degree of co n tac t  between the  s u r f a ce s  reaches  i t s  maximum of 0 . 3 , and 
one has to  cons ide r  whether the  i n t e r f a c e  i s  a t r u l y  welded one, as i s  
assumed in  the  d e r i v a t i o n  of the  simple  r e f l e c t i o n  and t r a n s m is s io n  
c o - e f f i c i e n t s  ( e q . ' s  2 and 4) fo r  wave p ropaga t ion .
The problem has been t r e a t e d  by Schoenberg (1980) ,  and can be 
so lved  by assuming the  j o i n t  th ick n ess  i s  very much sm a l le r  than  the 
a c o u s t i c  wavelengths involved and t h a t  s t r e s s  i s  continuous across  
t h i s  i n t e r f a c e ,  with d isp lacements  being d i s co n t in u o u s .  With the 
j o i n t  pa ram e te r i sed  by i t s  compliance,  q = 1/k ,  the  s t r e s s  r e f l e c t i o n ,  
R, and t r a n s m is s io n  c o - e f f i c i e n t s ,  T, become
Z-| -  Z2 ~ i 00nZ 1 Z2
R = - -------------------------------  [20
Z1 + Z2 -  i (joriZ 1 Z2
z-j + Z2 ~ i gonZ 1 z 2
The wave of angular  fr equency ,  g o ,  i s  t r a v e l l i n g  from a medium of 
impedance Z^  to  one of impedance Z2* For shear  waves n i s  the
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tangential compliance of the joint, nt. For compressional waves n is 
the normal compliance of the joint, nn. It is immediately apparent 
from these equations that there is a phase shift associated with the 
reflection and transmission co-efficients (despite there being no 
clear delay element like a bond), and that as the joint stiffness 
becomes large (i.e. n + 0) the co-efficients become those for the 
simple welded interface.
The phase shift, xt> f°r transmission is
to nZ i Z 2
Xt = tan"1 - - - - - - -  C22Zi + Z 2
and is always a phase lag as with thin bonds, and goes to zero when 
the compliance of the joint goes to zero. The reflection phase shift 
is
with
tan 1 ( N / D ) for D > 0
tan-1 ( N / D ) + IT for D < 0
[23
N = -2tonZ-|
D = 1 - (Z-| /Z2)2 - (tanZ1 )2
The reflection phase shift for the joint requires the same careful 
consideration as does the reflection phase shift for a bond (see 
section 2.3). The total phase shift in a buffer-rod type of 
experiment is given by equation 11 where the $'s become X's.
The applicability of the equations has been demonstrated by Myer 
et. al. (1985a) by transmitting P and S waves through two steel
samples that have a joint composed of lead strips between them. The 
measured transmission amplitudes were in good agreement with the
theory for both P and S waves.
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2.6 DATA ANALYSIS.
The most a cc u ra te  measurements of sample t r a v e l t i m e  a re  ob ta ined  
a t  the  h ig h e s t  f r eq u e n c ie s  t h a t  a re  p r a c t i c a b l e .  The var ious
d e l e t e r i o u s  in f lu e n c e s  on the  measurement ( i . e .  d i f f r a c t i o n ,  wave 
p ropaga t ion  ac ross  bonded and unbonded i n t e r f a c e s )  have a sm al le r  
t r a v e l t i m e  e f f e c t  a t  the  h igher f r e q u e n c ie s ,  even though in  phase 
terms they may be l a r g e r  in  magnitude a t  these  f r e q u e n c i e s .  Sample 
t r a v e l t i m e s  were determined u s u a l ly  in  the  range 60-75 MHz from the 
mean of a s u i t a b l e  number of da ta  p o in t s  w i th in  the  t h i r d  harmonic 
response  envelope of the  20 MHz t r a n s d u c e r s .
An a d d i t i o n a l  c o n s id e r a t i o n  ap p l ied  when the  echo amplitude r a t i o s  
were very d i f f e r e n t  f ron  one; under th e se  c o n d i t io n s  the t r a n sd u ce r  
response  envelope can p e r tu rb  the  minima f r eq u e n c ie s  of the  minima and 
hence the  t r a v e l t i m e  (see  Jackson e t .  a l , 1981).  When t h i s  was a
p o t e n t i a l  problem, the  t r a v e l t im e  e s t im a te  was ob ta ined  by averaging  
r e s u l t s  from a number of minima symmetr ica l ly  d i s t r i b u t e d  around the  
t r a n s d u ce r  response  maximum.
To c o r r e c t  fo r  the  r e d u c t io n  in  s ig n a l  path  l e n g th  w i th in  the  
sample as p re s su re  was i n c re a s e d ,  the  approach of Cook (1957) was 
employed. This invo lves  e s t im a t in g  the  sample bulk modulus from the 
exper imenta l  d a ta  and then using t h i s  to  determine the l e n g th  
c o r r e c t i o n  f a c t o r ,  k. I f  t p (P) and t s (P) a re  the  sample P and S wave 
t r a v e l t i m e s ,  r e s p e c t i v e l y ,  a t  a p r e s su re  P, then k i s  given by
k
3h0
rP dP
0
1 / tp  -  4 /3 tg
[24
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where
~  ^ Po
and L0 and p0 are the sample length and density at room pressure. The 
factor A is small (-0.01) and corrects for the fact that the 
ultrasonic signal determines adiabatic moduli whereas sample 
compression involves adiabatic moduli (Cook, 1957). As the length 
correction factor is small ( < \ %  ), and there were no large changes in 
bulk modulus over extended pressure ranges, the use of a linear 
equation to fit the pressure dependence of the reciprocal traveltimes 
is justified. The integral in equation 24 may then be evaluated 
analytically.
The length corrected velocity-pressure data were then fitted by a 
weighted linear regression program that added successive polynomial 
terms and tested for their statistical significance (probability > 
0.95 for acceptance) with a mandatory truncation at the quadratic term 
as it was considered physically unrealistic to attempt to resolve 
cubic or higher terms in these data. The errors in the polynomial 
terms were determined from the scatter of the data about the fit and 
these are the errors presented in the body of the text (i.e. ±1 a) . 
These are the appropriate errors to consider when comparing the 
various measurement techniques in a particular direction on one 
sample. When comparing data either from other propagation directions 
on a sample or from other studies, it is necessary to include the 
sample length error in the assigned errors. This approach is used in 
the tables in the Results and Discussion chapter, where these types of
comparisons are made.
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2.7 SAMPLE DESCRIPTION.
The aim of this study was to demonstrate that reliable values of 
the pressure derivatives of elastic wave velocities may be obtained 
from measurements on jacketted polycrystalline specimens of 
sufficiently high acoustic quality. It was therefore required that 
each specimen be a monominerallic polycrystalline aggregate of 
relatively incompressible oxide or silicate material for which 
high-quality, high-pressure, single-crystal elasticity data have been 
published. This provides for the calculation of reliable bounds for 
the elastic properties of the polycrystal as a function of pressure 
(eg. Watt et al. 1976). Furthermore, it was important that the
samples be of low porosity ( <5$ ). Correction of ultrasonic velocity 
data for porosity effects is dependent on knowledge of the aspect 
ratio ,a, (width / length) distribution of pores within the sample. 
This distribution is very difficult to determine, so that significant 
errors in the applied corrections are inevitable. Finally, the high 
frequencies used in these experiments (10 - 80 MHz) dictate that 
sample grain sizes be sufficiently small in relation to the 
wavelengths used (-100 - 1000 \i) , to avoid excessive scattering of the 
propagating wave within the sample. Samples with grain sizes < 50 u 
are generally adequate. The following is a detailed description of the 
three specimens characterised in the present study.
a12°3:
This sample was obtained from commercially made material 
(isostatically hot pressed) with a purity of >99.5$. Its density, 
determined by immersion in ethanol, is (3.907 ± 0.003) g/cm3,
indicating a porosity of 2.1$ (pth = 3-988 g/cm3, Robie et. al 1966).
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Grain s i z e  i s  in  the  10 -  20 micron range .
For most of the work on t h i s  sample i t s  shape was t h a t  of a r i g h t  
c i r c u l a r  c y l in d e r ,  7 .0  mm in  diameter and (9.876 ± 0 . 003) mm long.  
The ends of the  c y l in d e r  were p o l i sh ed  with 1 y diamond p a s t e  to  a 
f l a t n e s s  w i th in  - 0 . 1  y. The su r f a c e  f i n i s h  was r e f l e c t i v e ,  but showed 
some p i t t i n g ,  with one end having a s l i g h t l y  more r e f l e c t i v e  f i n i s h .  
This s u r fa ce  was the  one g e n e r a l ly  used to  t r a n s m i t  a c o u s t i c  waves 
i n t o  the  sample in  b u f f e r - r o d  exper iments .  The two ends of the  sample 
were measured to  be p a r a l l e l  w i th in  2 . 5  y, with a micrometer.
A f te r  a l l  wave p ropaga t ion  measurements along the  c y l in d e r  ax i s  
had been completed,  two p a i r s  of mutually  or thogonal  faces  were ground 
and p o l i sh e d  on the  s i d e s ,  t o  provide  f o r  a check a t  room p re s su re  fo r  
any d e p a r tu re s  from e l a s t i c  i s o t r o p y .
O l iv ine  #4700.
This specimen was produced in  t h i s  l a b o r a to r y  by S. Karato from 
very f i n e  g ra in s  (<2 y) of San Car los  o l i v i n e ,  o b ta in ed  through 
e thanol  s e p a r a t i o n .  The s t a r t i n g  m a te r i a l  was i s o s t a t i c a l l y  hot 
p re s sed  a t  1200°C and 0.3 GPa f o r  0.5 hours ,  under dry c o n d i t io n s  
(Karato e t  a l . ,  1986).  Analys is  of the  hot p re s sed  sample with an 
e l e c t r o n  microprobe g ives  an Mg number of 90.4 ,  with smal l  q u a n t i t i e s  
of NiO (0 .3  weight p e r c e n t ) ,  AI2O3 (0 .2  weight p e rc en t )  and MnO (0.1 
weight p e r c e n t ) .  F ina l  g ra in  s i z e  was -5 y and sample d e n s i ty  was 
( 3.333 ± 0 . 003) g/cm3 (measured in  e thanol by immersion),  i n d i c a t i n g  a 
p o r o s i t y  of -0 .3$  ( pth  = 3.343 g/cm3 f o r  Fog0>4 from F i s h e r  & Medaris 
1969).
The sample was cut to  produce a cube of nominal edge le n g th  5 
mm. The f aces  were p o l i sh e d  with 1 y diamond p a s t e  t o  a f l a t n e s s  of 
-0 .5  y and p a r a l l e l i s m  with in  2.5 y. The o r i g i n a l  h o t -p r e s s e d  
specimen was c y l i n d r i c a l  in shape,  and h ig h -p r e s s u r e  v e lo c i ty
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measurements were o b ta ined  in  a d i r e c t i o n  (des igna ted  1) normal to  the  
c y l in d e r  a x i s ,  with f aces  (4.989 ± 0.003) mm a p a r t .  For h ig h -p r e s s u re  
runs  the  volume between the  cubic specimen and the  c y l i n d r i c a l  copper 
j a c k e t  was f i l l e d  with  co ld  p re ssed  NaCl.
O l iv ine  #4994.
The s t a r t i n g  m a te r i a l  f o r  t h i s  sample was ob ta ined  by s e p a r a t i o n ,  
from a s p i n e l  l h e r z o l i t e  nodule from Mt. Porndon, V i c t o r i a .  Analysis  
( c a r r i e d  out by N.G. Ware) on an e l e c t r o n  microprobe ,  g ives  an Mg 
number of 90 .8 .  Small amounts of NiO (0.35 weight p e rc en t )  and MnO 
(0.07 weight p e rc en t )  were d e t e c t e d .  The sample was i s o s t a t i c a l l y  
hot p re s sed  in  t h i s  l a b o r a to r y  by R. H i tch in g s ,  a t  1227°C and 0 .3  GPa 
f o r  3 hours under dry c o n d i t i o n s .  The s t a r t i n g  m a te r i a l  was composed 
of g ra in s  < 5 y in s i z e ,  ob ta in ed  through e thanol  s e p a r a t i o n .  The 
f i n a l  g ra in  s i z e  d i s t r i b u t i o n  ranged from submicron to  10 -  20 y 
p a r t i c l e s  which appeared to  have a non-random d i s t r i b u t i o n  throughout 
the  sample.  These l a r g e r  g ra in s  c o n s t i t u t e d  a very smal l  percentage  
of the  t o t a l  m a t e r i a l ,  the  average g ra in  s i z e  being in  th e  5 -  10 y 
range.
The sample d e n s i ty  was measured by immersion in  e thanol as (3*178 
± 0.005) g/cm3 i n d i c a t i n g  a p o ro s i ty  of -4 .8$ ( p^h = 3*338 g/cm8 
f ron  F i sh e r  & Medaris 1969).
The sample was kept in  i t s  c y l i n d r i c a l  form (7 .0  mm in  d iameter )  
f o r  the  h ig h -p r e s s u r e  exper im ents ,  with two f aces  (5.588 ± 0.003) mm 
a p a r t ,  p o l i s h e d  with 1 y diamond p a s te  to  a f l a t n e s s  of - 0 .3  y and 
p a r a l l e l i s m  of b e t t e r  than 2.5 y. Af te r  completion of the  high 
p r e s su re  experiments  the  sample was ground and p o l i sh e d  i n t o  a 5mm 
cube, to  check fo r  p o s s ib l e  e l a s t i c  an i so t ro p y  a t  room p r e s s u r e .  
These a d d i t i o n a l  faces  were p o l i shed  f l a t  with 3 y diamond p a s t e .
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CHAPTER 3.
THE TESTING OF THE BUFFER-ROD TECHNIQUE.
3.1 HIGH PRESSURE EXPERIMENTS WITH AN "UNBONDED" BUFFER-ROD.
The b u f f e r - r o d  t e c h n iq u e s  have been t h o r o u g h l y  t e s t e d  i n  a s e r i e s  
of e x p e r im en t s  on t h e  a lumina  spec im en.  The f i r s t  measurements  were 
conduc ted  w i th  th e  unbonded c o n f i g u r a t i o n ,  i e .  the  sample  i n  d i r e c t  
c o n t a c t  w i th  t h e  b u f f e r - r o d .  T ra v e l t im e  v e r s u s  f r e q u e n c y  d a t a  f o r  a 
number of p r e s s u r e s  a r e  shown in  f i g .  4 f o r  co m p re ss io n a l  waves and 
f i g .  5 f o r  s h e a r  waves.
At each p r e s s u r e ,  th e  t r a v e l t i m e  d e t e rm in e d  from th e  f r e q u e n c i e s  
of t h e  i n t e r f e r e n c e  minima d i s p l a y s  a s l i g h t  and g e n e r a l l y  smooth 
v a r i a t i o n  w i th  f r e q u e n c y .  Minor i r r e g u l a r i t i e s  on t h e s e  
t r a v e l t i m e - f r e q u e n c y  c u rv es  te nd  t o  be c o n s i s t e n t l y  o b s e rv e d  f r o n  one 
p r e s s u r e  t o  th e  n e x t  and a r e  a t t r i b u t e d  to  d i s p la c e m e n t  of th e  minima 
by i n t e r f e r e n c e  w i th  s t r a y  b u f f e r - r o d  echoes  of  low a m p l i t u d e .  The 
minima a r e  s h a r p e s t  and t h e r e f o r e  most  r e s i s t a n t  t o  d i s p la c e m e n t  when 
th e  echo a m p l i tu d e  r a t i o  R ( f i r s t  sample echo /  b u f f e r  echo) = 1. 
Th is  c o n d i t i o n  i s  r e a l i s e d  f o r  a l l  of  the  c o m p re ss io n a l  wave d a t a  of  
f i g .  4 and f o r  t h e  l o w e s t  p r e s s u r e  (0 .06  GPa) s h e a r  wave d a t a  w i t h i n  
th e  15 -  25 MHz band ( f i g .  5 ) .  I n c r e a s i n g  p r e s s u r e  r e s u l t s  i n  a 
d r a m a t ic  change i n  t h e  a m p l i tude  r a t i o  f o r  t h e s e  low f r e q u e n c y  s h e a r  
wave d a t a  -  R -  3 .5  a t  0 .25  GPa and R -  6 f o r  p r e s s u r e s  > 1.1 GPa -  
r e s u l t i n g  i n  s h a l l o w  i n t e r f e r e n c e  minima which a r e  l e s s  r e s i s t a n t  t o  
d i s p la c e m e n t  by s t r a y  echoes  p roduc ing  d e r i v e d  t r a v e l t i m e s  which a r e
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FIGURE 4. The p re s su re  in f lu en c e  on the  compressional  wave t r a v e l t im e  
in  the  AI 2 O3  sample. P ressu res  marked in  GPa. Data a r e  ob ta in ed  a t  
f i r s t  and t h i r d  harmonics of a 20 MHz t r a n s d u c e r .
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FIGURE 5. The p r e s s u r e  in f lu e n c e  on the  shear  wave t r a v e l t i m e  in  the  
AI 2 O3  sample.  P ressu res  marked in  GPa. Data a r e  o b ta in e d  a t  f i r s t  
and t h i r d  harmonics of a 20 MHz t ra n sd u ce r
38
more s c a t t e r e d .
The t h i r d  harmonic shear  wave da ta  show f a r  l e s s  s c a t t e r  due to  the 
sm a l le r  ampl itude  of s t r a y  echoes r e s u l t i n g  from g r e a t e r  t r an sd u ce r  
d i r e c t i o n a l i t y  a t  high f r e q u e n c i e s .  Furthermore the  t r a v e l t i m e  e f f e c t  
of a f requency p e r t u r b a t i o n  of a given s i z e  i s  reduced by a f a c t o r  of 
-3 a t  the  t h i r d  harmonic r e l a t i v e  to  the  fundamental .  The t h i r d  
harmonic ampl itude  r a t i o s  range from 0.14 a t  0.06 GPa, to  -1 a t  0.25 
and 0.55 GPa and t o  ~3 a t  the  h ig h e s t  p r e s s u r e s .  C le a r ly  the  b e s t  
da ta  a re  ob ta ined  a t  the  h ig h e s t  f r e q u e n c i e s .  Since the  s c a t t e r  w i l l  
be roughly  symmetrical  about the  mean t r a v e l t i m e ,  a s u f f i c i e n t l y  l a rg e  
number of p o in t s  should  provide  a good e s t im a te  of the  mean, 
i r r e s p e c t i v e  of v a r i a t i o n s  in  the  s c a t t e r  of the da ta .
C lose r  examinat ion of the  two s e t s  of t r a v e l t im e - f r eq u e n c y  d a ta  
show t h a t  a t  low p re s su re s  t h e re  i s  a sy s tem a t ic  change in  the  
frequency dependence of the  measured t r a v e l t i m e s .  The shear  wave da ta  
show a pronounced change from a n eg a t iv e  s lope  a t  the  low es t  p r e s su re s  
to  a p o s i t i v e  s lope  around 0.5 GPa. Compressional wave d a ta  do not 
show a change in  the  s ign  of the  s lo p e ,  but do e x h i b i t  the  p ro g re s s io n  
to  more p o s i t i v e  s lo p e s .  To q u a n t i fy  t h i s  v a r i a t i o n ,  the  d a ta  a t  each 
p re s su re  was f i t t e d  by a t r a v e l t i m e  curve of the  form
s (p ) = a(p)  + [25
which not only f i t s  the da ta  w e l l ,  but i s  p h y s i c a l ly  r e a l i s t i c ,  as 
t r a v e l t im e s  approach asymptot ic  va lues  as the  f requency in c re a s e s  (see  
McSkimin & Bond, 1957). F ig .  6 shows the v a r i a t i o n  of the  1 / f  
c o - e f f i c i e n t  b, as a fu n c t io n  of p re s su re  fo r  P and S waves. The 
compressional wave d a ta  ( s o l i d  c i r c l e s  in  f i g .  6) show t h a t  fo r  
p re s su re s  above ~1 GPa the  frequency dependence of the t r a v e l t i m e s  i s  
i n s e n s i t i v e  to  p r e s s u r e .  Higher p re s su re s  ( >1.8 GPa ) a r e  needed to
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FIGURE 6. P res su re  e f f e c t  on the  frequency dependence of the 
compressional wave t r a v e l t i m e  in  the  sample,  as measured by
equa t ion  25. C i r c l e s  a re  experiments  c a r r i e d  out with the  s tan d a rd  
assembly of f i g .  1, with s o l i d  c i r c l e s  fo r  the  unbonded buf fe r - sam ple  
i n t e r f a c e  and open c i r c l e s  fo r  the  gold bonded i n t e r f a c e .  The 
t r i a n g l e s  a re  r e s u l t s  f ron  the  sample f r e e  end su r f a c e  assembly of 
f i g .  7 with vary ing degrees of i n i t i a l  evacua t ion;  s o l i d  t r i a n g l e s  -  
10"5 atmosphere,  open t r i a n g l e s  - 0.1 to  0.25 atmosphere.
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produce pressure insensitivity for the shear wave traveltime curves 
(solid circles in fig. 6).
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3.1.1 SIMPLER ALTERNATIVE CONFIGURATION.
A f u r t h e r  s e t  of compressional  wave exper iments were performed 
with the  c o n f ig u r a t io n  shown in  f i g .  7 in  which a p re s su re  s ea l  ( to  
0.8 GPa) was ach ieved between a f l an g e  so ld e red  to  the j a c k e t  and the  
ground c y l i n d r i c a l  s u r face  of the  alumina specimen. The removal of 
the l e ad  d i sc  and the  s t e e l  endpiece (o f .  f i g .  1) r e s u l t s  in  a much 
s imple r a c o u s t i c  c o n f ig u r a t io n  with a s imple  i n t e r f a c e  between the  
specimen and the  l i q u i d  p re s su re  medium.
P res su res  of 0.8 GPa were achieved befo re  t h i s  s e a l  f a i l e d ,  
a t t e s t i n g  to  the  very low p e rm e ab i l i ty  of the  specimen. The r a p id  
l o s s  of the  s e a l  a t  0.8 GPa i s  t y p i c a l  of p rev io u s ly  observed s ea l  
f a i l u r e s  and i s  not the  gradual process  one might expect from a slow 
leak  through an in te r c o n n e c te d  network of microcracks .  L a te r  a n a ly s i s  
of the  v e l o c i t y  d a ta  w i l l  f u r t h e r  demonst ra te  the  absence of 
s i g n i f i c a n t  mic rocracking; the 2.1$ p o r o s i ty  i s  a s s o c i a t e d  with 
i s o l a t e d  r e l a t i v e l y  equid imensional pores .
P l o t t e d  as s o l i d  t r i a n g l e s  in  f i g .  6, i s  the  observed v a r i a t i o n  of 
the 1 / f  term of equa t ion  1, fo r  t h i s  assembly.  The cons is tency  
between the se  r e s u l t s  and those  ob ta ined  with the  s t an d a rd  assembly i s  
s t r i k i n g .  I t  i s  concluded t h a t  the  l e a d  d isc  in  the  s tan d a rd  assembly 
r e a d i l y  deforms to  make in t im a te  c on tac t  with the  sample and provides  
a s imple  r e f l e c t i o n  i n t e r f a c e  a t  the  f a r  end. Taken to g e th e r ,  t h e se  
exper iments  i n d i c a t e  t h a t  the  p re s su re  dependence a t  low to  moderate 
p re s su re s  of b in  equa t ion  (25) must be a sc r ib e d  to  p re s su re  
dependence of the  a c o u s t i c  p r o p e r t i e s  of the  specimen i t s e l f  ( u n l ik e ly  
in  view of the  i n f e r r e d  absence of pe rvas ive  microcracking)  or of the 
i n t e r f a c e  between the  specimen and the  b u f f e r - r o d .
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FIGURE 7 . S im p l i f i e d  high p re s su re  b u f f e r - r o d  assembly,  where the  end
of the  AI2O3 sample r a d i a t e s  d i r e c t l y  i n t o  the  p r e s s u r e  medium.
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3.1.2 THE POSSIBILITY OF AN AIR BOND.
Calculated traveltime perturbations associated with a 
low-impedance bond between an M2 buffer-rod and the AI2O3 specimen are 
presented in fig. 8. By analogy with these results, the positive 
values of b observed at the lowest pressures (fig. 6) are suggestive 
of the presence of a low impedance bond, which would increase 
traveltimes especially at low frequencies.
One possible source of a bond that must be carefully considered, 
is the residual air trapped within the sample space after evacuation, 
when the assembly is pushed together. At the point of sealing there 
is approximately 200 mm3 0f available volume beneath the 0-rings and 
at the ends of the sample, which is quickly diminished when the sample 
is pressurised. As the buffer-sample interface is made by the contact 
of two hard "rough” surfaces, the porosity there will be difficult to 
eliminate and can be expected to accommodate most of the gas in the 
form of a bond. On the assumption that the assembly is initially 
evacuated to -0.25 atmosphere and that all gas is eventually confined 
to the interface with a pressure of 0.3 GPa, the bond thickness would 
be -2 u . The bond impedance at this pressure is 1.1 x 10^ Pa. s m“1 
( calculated from nitrogen data of Mills et al. 1975 ) sufficient for 
a viable bond. Increasing pressure would increase both the density 
and sound velocity of the air bond. The bond would become 
progressively acoustically thinner as - (1) the surfaces come 
physically closer together, (2) the transit time of the acoustic waves 
decreases due to the velocity increase and, (3) the impedance match 
between bond and the adjacent media improves. This would give a 
result that is similar to that observed, i.e. the interface influence
would diminish with increasing pressure.
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BUFFER-ROD -  ALUMINA SAMPLE
M2 STEEL
OPTICAL FLAT
FREQUENCY, MHz
FIGURE 8. Compressional wave travel time perturbation introduced by a 
glycerine bond between the buffer-rod and AI2O3 sample, for 
buffer-rods of higher impedance (M2 steel) and lower impedance 
(optical flat) than the sample. Indicated bond thicknesses are in
micron.
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To t e s t  f o r  a p o s s ib l e  a i r  bond, the  s i m p l i f i e d  assembly ( f i g .  7) 
was run with d i f f e r i n g  degrees  of i n i t i a l  evacua t ion .  F ig .  6 shows 
the e f f e c t  of t h i s  on the  1 / f  term of equa t ion  25. The p o in t s  marked 
with s o l i d  t r i a n g l e s  a re  ob ta ined  from an assembly evacuated to  
approximate ly  10”5 atmosphere.  The p o in t s  marked with open t r i a n g l e s  
a re  from a run with an i n i t i a l  evacua t ion  of between 0.1 and 0.25 
a tmosphere .  There i s  a d i f f e r e n c e  between the  two curves below 0.5 
GPa, but above t h i s  p r e s s u r e  they appear to  become i n d i s t i n g u i s h a b l e ,  
s t r o n g ly  sugges t ing  t h a t  an a i r  bond i s  not a s i g n i f i c a n t  in f lu en c e  in  
the assembly.  D esp i te  t h i s  r e s u l t ,  ca re  was taken t o  evacuate  a l l  
assemblies  to  p re s su re s  of < 10-4 atmosphere .
I t  would appear t h a t  a l l  the  a i r  w i th in  the  assembly can be 
accommodated in  such a way so as not to  c r e a t e  a buffe r - sam ple  bonding 
l a y e r .  I f  one assumes t h a t  the  2.1$ sample p o r o s i ty  i s  in  the  form of 
i s o l a t e d  spheres  ( the  p o s s i b l e  shape of the  p o r o s i ty  w i l l  be d iscussed  
l a t e r )  uniformly  d i s t r i b u t e d  throughout the  sample,  then  from the 
average sample g ra in  s i z e  (with  1 pore  per sample g ra in )  one can 
e s t im a te  the  number of pores per u n i t  volume (-3x10^ pores/mm3) and 
hence t h e i r  mean s i z e  (~5u d ia m e te r ) .  All  pores w i th in  1 r a d iu s  of 
the  sample s u r f a c e s  p rovide  a c c e s s i b l e  pore space with  a t o t a l  volume 
of ~3x10-2 mm3. At 0.5 GPa t h i s  a c c e s s i b l e  pore  volume can hold  1 
ymol of n i t r o g e n ,  which compares favourab ly  with  the  e s t im a te  of 2.3 
umol of gas i n i t i a l l y  t r a p p e d  in  the  assembly.  C le a r ly  i t  i s  not 
d i f f i c u l t  to  accommodate th e  r e s i d u a l  a i r  in  the  sample p o r o s i ty  and 
as the  p o r o s i ty  i s  so low and equant in  shape,  the  change in  sample 
e l a s t i c  p r o p e r t i e s  ( e s p e c i a l l y  where the  a c o u s t i c  waves sample th e se  
p r o p e r t i e s )  would not  be d i s c e r n i b l e .
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3-2 ROOM PRESSURE EXPERIMENTS.
It is not entirely clear from the high-pressure experiments 
described above whether the pressure dependence of the form of the 
frequency - traveltime curves at low to moderate pressures is 
attributable to pressure dependence of the acoustic properties of the 
specimen or of the buffer - specimen interface. If the latter is the 
case then the potential for biased estimates of pressure derivatives 
of sample velocity exists, especially for a sample of lower acoustic 
quality, where one may only be able to obtain data at the fundamental 
frequency, the range in which the effect appears most prominently.
3.2.1 BONDED BUFFER-ROD CONFIGURATION.
Traveltime-frequency data for a variety of acoustic configurations 
were therefore examined in order to distinguish between the two 
alternatives. As some of the experiments involved bonding the sample 
onto a buffer-rod, emphasis was placed on P wave measurements, as good 
quality thin bonds could easily be obtained with glycerine. Bonds for 
shear wave measurements need to be very much more viscous and hence 
are much more difficult to thin out. The question of bond thickness 
naturally follows, as the effect on traveltime data must be 
considered. A more detailed discussion can be found in the section on 
buffer-rod bonds ( Appendix A ), but it would appear that with 
glycerine (and other fluid bonding materials), after a short clamping 
period (~30 min) the surface topography determines the mean bond 
thickness, which in the current case implies bonds of mean thickness 
less than one micron and possibly down to 0.2 u (depending on finish
of the two surfaces involved).
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The most relevant room pressure experiment woul_d seem to be a 
study of the AI2O3 sample suitably bonded onto the high pressure 
buffer-rod. However the extremely high sample impedance ( > 40x10° 
Pa. s m-1 ) compared to the glycerine bond impedance ( 2.4x10° Pa. s
m-”' ) results in a very strong dependence upon bond thickness of the
calculated bond contribution to the traveltime ( see fig. 8 ). Use of 
an optical flat as a buffer-rod provided an attractive alternative: 
its low impedance (15.1x10° Pa. s m“1 ) resulting in small calculated 
bond corrections which are virtually frequency-independent for bonds 
of thickness < 0.5 y ( see fig. 8 ). Consideration must also be given 
to potential changes in the diffraction effect as the effective 
buffer-rod lengths are different and the effective radii of the 
transducers may also be different (the transducer used on the optical 
flat being a 6.4 mm diameter 20 MHz LiNbO^ disk, with a 3.2 mm 
diameter central electrode and co-axial earth extending around to the 
transducer front surface) . Calculations from the theory, suggest 
that over most of the frequency range the diffraction effects for the 
two configurations differ by no more than 0.2 ns and on this basis the 
optical flat buffer-rod data should give an excellent comparison with 
the high pressure 'unbonded' buffer-rod data.
A comparison of glycerine-bonded optical flat buffer-rod data with 
3 GPa (suitably shifted along the traveltime axis) and 0.01 GPa 
unbonded M2 steel buffer-rod data, shows a frequency dependence that 
is very similar to the highest pressure data and consistent with the 
diffraction effect expected from experience on other 
non-polycrystalline specimens (fig. 9). This strongly indicates that 
the positive traveltime anomaly seen at low to moderate pressures for 
the unbonded configuration is not associated with propagation of 
energy within the bulk of the sample; rather it would appear that the 
interface between the specimen and the buffer-rod must contribute a
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FIGURE 9. Comparison of the  frequency dependence of AI 2 O3  
compress ional wave t r a v e l t im e s  fo r  d i f f e r e n t  b u f f e r - r o d
c o n f i g u r a t i o n s .  High p re s su re  M2 s t e e l  assembly with an unbonded 
i n t e r f a c e :  squares -  0.01 GPa, t r i a n g l e s  -  3 GPa (d i s p la ce d  by +42
n s ) .  O p t ica l  f l a t  b u f f e r - r o d :  dots  -  g ly c e r in e  bond.
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pressure-sensitive contribution to the measured traveitime.
3.2.2 UNBONDED BUFFER ROD CONFIGURATION.
In their paper on transducer and bond phase shifts, Davies and 
O'Connell ( 1977 ) included some room pressure work in which the
unbonded buffer-rod configuration was employed. Significant manual 
force had to be applied across the sample - buffer-rod interface to 
obtain a signal and the results were not always consistent with their 
bonded experiments, as it was assumed that such an interface produced 
no traveltime effect. In order to further investigate the acoustic 
properties of such an interface an optical flat buffer-rod and a
polished M2 steel specimen were set up so as to allow the measurement 
of sample traveltimes with varying normal loads applied to the
interface. As a reference the M2 steel traveltime with a glycerine 
bond was measured and used uncorrected, as bond effects would be
relatively small ( see fig. 8 for approximate affects assuming a bond 
thickness of < 0.5 u ). The results for the unbonded configuration 
with various normal stresses and for the glycerine bonded
configuration are shown in fig. 10. At low stresses the interface
acts as a very thick low impedance bond, which appears to "thin" out 
as the normal stress is increased. The hardness of glass in terms of 
Knoop value is 530 ( CRC Handbook, 1983) which equates to a hardness 
of 5.3 GPa. From contact theory (see section 2.5 ) the real contact
area of the interface is about 1/85 th of the total area at the
highest stress of 25 MPa. This would appear to be totally
insufficient for wave propagation across the interface and suggests 
the possibility of a bond. Davies and O'Connell investigated the 
possibility of water vapor creating a bond at the interface by 
evacuating their arrangement to -0.01 atmosphere and observed no
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FIGURE 10. Compressional wave t r a v e l t i m e  e f f e c t  of the unbonded 
i n t e r f a c e  of an o p t i c a l  f l a t  b u f f e r - r o d  and an M2 s t e e l  sample, with 
vary ing  normal l o a d s .  The d a ta  ob ta in ed  with a g l y c e r in e  bond provide  
an approximate  r e f e r e n c e  ( c o r r e c t i o n  fo r  bond e f f e c t s  has not been 
a p p l i e d ) .
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significant change. This result tcgether with the fact that the 
surfaces had been well cleaned with solvent before assembly, strongly 
suggest that no bonding material exists at the interface.
Recent works by Schoenberg (1980) and Myer et al. (1985a) which 
investigate acoustic wave propagation across a non-welded interface, 
indicate that it is possible to transmit a stress wave across lightly 
loaded rough surfaces. The resulting theory ( section 2.5 ) gives 
reflection and transmission co-efficients which are dependent on 
frequency and upon the contrast in acoustic impedance between the 
materials on either side of the fracture. The model is well supported 
by results from their own experiments with a fracture in a granite 
specimen. The fracture diminished in its influence as normal stress 
increased until at 70 MPa it had stiffened sufficiently so as not to 
modify the frequency spectrum of the signals, which were centered 
around 400 kHz, propagating across it (Myer et al. 1985b).
The theory provides a framework within which the results from the 
current experiments can be interpreted. The apparent "thinning" of 
the dry bond (cf. fig. 8), observed in the optical flat buffer - M2 
sample data (fig. 10), as the normal stress increases, is a result of 
the interface stiffening which improves the stress wave propagation. 
It can be seen that no high frequency third harmonic data were 
obtained with this configuration, as no sample echo was visible at any 
stage. The amplitude ratio of the first sample echo to the buffer 
echo plotted against frequency is shown in fig. 11, together with the 
calculated variation from the theory (Section 2.5). The expected 
ratio from the welded interface model is 1.4 and the model curves in 
fig. 11 approach this value at low frequencies with increasing 
interface stiffness. The attenuation due to the interface increases 
very strongly with increasing frequency, in excellent agreement with 
the plotted observations. There is even reasonable agreement with
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OPTICAL FLAT BUFFER-ROD 
-  M2 STEEL SAMPLE
20 MPa
14 MPa
10 20 30 40
FREQUENCY, MHz
FIGURE 11. Compressional wave ampli tude r a t i o  of f i r s t  sample echo 
and bu f fe r - sam ple  i n t e r f a c e  echo fo r  two normal i n t e r f a c e  s t r e s s e s  in 
the  unbonded o p t i c a l  f l a t  b u f f e r - r o d  with M2 s t e e l  sample 
c o n f ig u r a t io n .  The l i n e s  a re  model c a l c u l a t i o n s  from the  theory  of 
Schoenberg (1980),  with crack s t i f f n e s s e s  i n d i c a t e d  in  GPa/p.
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equa t ion  16 which p re s c r i b e s  t h a t  a doubling of the normal fo rce  
should  give a doubling of the i n t e r f a c e  s t i f f n e s s .  F ig .  12 i s  a p lo t  
of the  c a l c u l a t e d  in f lu en c e  of the i n t e r f a c e  upon the  measured 
t r a v e l t i m e .  I t  shows th a t  the  in f lu e n c e  of the  i n t e r f a c e  in  t h i s  
c o n f ig u r a t io n  of impedances i s  q u i t e  smal l  and t h a t  t h e r e  i s  a 
p a r t i c u l a r  j o i n t  s t i f f n e s s  a t  each frequency which g ives  a maximum in 
the  t r a v e l t i m e  e f f e c t .  Comparison of the  theory  with the  t r a v e l t i m e  
r e s u l t s  in  f i g .  10 shows t h a t ,  a l though  the  s ign  and f requency 
dependence i s  c o r r e c t l y  p r e d i c t e d ,  the  in f lu e n c e  of the  i n t e r f a c e  i s  
f a r  l a r g e r  than expected.
The source  of the  q u a n t i t a t i v e  d iscrepancy  can be found by 
c o n s i d e r a t i o n  of the  H er tz ian  con tac t  of the  two s u r f a c e s .  The 
o p t i c a l  f l a t  of course d i sp layed  o u ts tan d in g  f l a t n e s s ,  but th e  M2 
s t e e l  sample showed s i g n i f i c a n t  c u rv a tu re .  This was e s t im a ted  t o  be 
of r a d iu s  -1 m from the diameter of the  f i r s t  Newtons' r i n g .  Using 
equa t ion  17, the  e s t im a ted  r a d i i  of the  co n tac t  a rea  between the  
b u f f e r - r o d  and sample were 0.56,  0.81 and 1.0 mm f o r  the  mean normal 
p re s su re s  over th e se  areas  of 14, 20 and 25 MPa r e s p e c t i v e l y .
C l e a r l y ,  a l l  these  r a d i i  a re  l e s s  than the  t r a n s d u ce r  r a d iu s  ( r  = 1.6 
mm) and hence wave p ropaga t ion  ac ross  t h i s  i n t e r f a c e  cannot be 
expected  to  f i t  the  theory  p r e c i s e l y ,  u n le s s  due account i s  taken of 
the s i g n i f i c a n t  a rea  of non-con tac t  between b u f f e r  and sample.
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FIGURE 12. Effect of crack stiffness (indicated in units of GPa/y) on 
the compressional wave traveltime as calculated from the theory of 
Schoenberg (1980).
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3.3 INTERPRETATION OF THE HIGH PRESSURE UNBONDED BUFFER-ROD DATA IN 
TERMS OF THE INTERFACE EFFECT.
The high p re s su re  da ta  (both P and S) a r e  very s i m i l a r  in  
c h a r a c t e r  to  the  room p re s su re  unbonded b u f f e r - r o d  d a ta ,  but in  the  
former case  sample t r a v e l t i m e  i s  in c re a se d  by the i n t e r f a c e  e f f e c t .  
This i s  shown in  f i g .  13 fo r  ccmpressional waves with the  AI2O3 sample 
in  the  high p re s su re  assembly.  The uppermost s e t  of d a ta  p o in t s  was 
ob ta ined  a t  a h y d r o s t a t i c  p re s su re  of -7 MPa, a l though c u rv a tu re  of 
the  c o n tac t in g  su r f a c e s  w i l l  mean t h a t  t h e r e  w i l l  be some 
i n t e n s i f i c a t i o n  of the  normal s t r e s s  over the  c on tac t  a r e a ,  which may 
s t i l l  be l e s s  than the  t r a n sd u ce r  a rea  a t  t h i s  p r e s s u r e .  The 
lowermost s e t  of da ta  p o in t s  was o b ta ined  from room p re s su re  o p t i c a l  
f l a t  b u f f e r - r o d  experiment with a g ly c e r in e  bond (no bond c o r r e c t i o n  
has been a p p l i e d ) .  The middle s e t  of d a ta  p o in t s  corresponds to  the  7 
MPa d a ta  c o r r e c t e d  fo r  an i n t e r f a c e  with a s t i f f n e s s  of 40 GPa/y, with 
the  upper and lower l i n e s  showing where the  c o r r e c t e d  d a ta  l i e  fo r  
i n t e r f a c e  s t i f f n e s s e s  of 60 GPa/p and 20 GPa/p, r e s p e c t i v e l y .  The 
theory  appears  to  produce rea sonab le  c o r r e c t i o n s  as can be seen by the  
good agreement with the  t r a v e l t im e  ob ta in ed  from room p r e s s u r e  matched 
one and two t r a n s d u ce r  experiments  (dashed l i n e  in  the  60-70 MHz 
r e g i o n ) ,  as well as good agreement with the  o v e r a l l  c u rv a tu re  def ined  
by the  o p t i c a l  f l a t  d a t a .
The compressional wave da ta  show t h a t  a t  a p r e s su re  around 1 GPa 
(see  f i g .  6 ) ,  the  i n t e r f a c e  e f f e c t  becomes i n s e n s i t i v e  to  f u r t h e r  
p re s su re  in c r e a s e ,  i n d i c a t i n g  t h a t  the  b u f f e r  and sample a re  in  
"welded” c o n ta c t .  This  i s  confirmed by f i t t i n g  a weighted  l e a s t  
squares  q u a d ra t i c  polynomial to  the  p r e s s u r e - v e l o c i t y  d a t a  above t h i s  
p r e s su re  and e x t r a p o l a t i n g  i t  to  zero  p re s su re  to  al low comparison
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FIGURE 13. Canpressional wave traveltime effects of interface 
stiffness in the high pressure assembly. Topmost set of data is the 
observed traveltime at 7 MPa. Application of a correction to this 
data for a crack of stiffness 40 GPa/y produces the middle set of 
data, with the lines indicating where the data lie for other crack 
stiffnesses. The lowermost set of data are obtained with the sample 
mounted on an optical flat buffer-rod with a glycerine bond (bond 
correction not applied). The sample matched one and two transducer
traveltime is shown by the dashed line.
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with  room p re s su re  v e l o c i t y  d a ta .  The f i t  ob ta ined  i s
wi th
V = a + bP + cP2
a = ( 10.5188 ± 0.0007 ) km s " 1 
b = ( 0.0769 ± 0.0007 ) km s ' 1 GPa" 1 
c = ( -0.00474 ± 0.00018) km s ' 1 GPa"2
and has an RMS d e v ia t io n  of 0.3  m/s (dashed curve in  f i g .  14).  The 
AI2O3 v e l o c i t y  a t  room p re s su re  i s  ob ta ined  from matched one and two 
t r a n s d u ce r  exper iments  (see  appendix B) and i s  found to  be (10.525 ± 
0.003) km/s. The d i f f e r e n c e  in  t r a v e l t i m e s  i s  s i g n i f i c a n t  in  terms of 
the  formal e r r o r s ,  but i t s  i n t e r p r e t a t i o n  i s  p ro b lem a t ica l  as t h e re  
a re  a number of p o s s i b l e  i n f l u e n c e s .  Both s e t s  of da ta  have
t r a n s d u c e r  d i f f r a c t i o n  e f f e c t s  p r e s e n t ,  which a r e  expec ted to  produce 
s i m i l a r  t r a v e l t im e  p e r t u r b a t i o n s  ( - 0.5 ns a t  the  f r eq u en c ie s  of 
i n t e r e s t ) ;  however the  a c tu a l  c o r r e c t i o n  can be s i g n i f i c a n t l y  l a r g e r  
due to  n on - idea l  behaviour  of the  t r a n s d u c e r s  (see  s e c t i o n  2.4 ) .  For 
example, i f  the  e f f e c t i v e  t r a n s d u ce r  r a d iu s  were to  be 0.7 of the  
a c tu a l  t r a n sd u ce r  r a d iu s  then the  d i f f r a c t i o n  c o r r e c t i o n  would be
in c re a s e d  to  1.3 n s .
The shear  wave d a ta  a re  more d i f f i c u l t  to  deal with as they appear 
to  become i n t e r f a c e  i n s e n s i t i v e  only f o r  p re s su re s  > 1 .7 GPa; a
leng thy  e x t r a p o l a t i o n  t o  zero  p re s su re  i s  t h e r e f o r e  r e q u i r e d .  Data 
fo r  p re s su re s   ^ 1.7 GPa were f i t t e d  to  a q u a d ra t i c  polynomial,
r e s u l t i n g  in  the  c o e f f i c i e n t s
a = ( 6.2234 ± 0.0009 ) km s " 1
b = ( 0.0299 ± 0.0008 ) km s " 1 GPa" 1
c = ( -0.0018 ± 0.0002 ) km s " 1 GPa' 2
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FIGURE 14. Measured AI 2 O3  compressional  wave v e l o c i t i e s  f o r  the  
unbonded (squares )  and gold-bonded ( c i r c l e s )  h igh p re s su re  
c o n f i g u r a t i o n s .  The a s s o c i a t e d  l i n e s  are  l e a s t  squares  q u a d ra t i c  f i t s  
to d a ta  in  the  h igher  p re s su re  range (see  t e x t ) .  Room p re s su re  
t r a v e l  t ime,  measured by the  matched one and two t r a n s d u ce r  techn ique ,  
i s  i n d i c a t e d  by the  d o t t e d  box.
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with  an RMS d e v ia t io n  of 0.06 m/s.  The room p re s su re  v e lo c i ty
o b ta ined  from the f i t  compares well with the  value o b ta in ed  from 
matched 1 and 2 t ran sd u ce r  exper iments of (6.227 ± 0.002) km/s. The
agreement i s  q u i t e  good cons ide r ing  the  range of the  e x t r a p o l a t i o n ,
a lthough the  d i f f e r e n c e  i s  l a r g e r  than might be expected from the
e r r o r s ,  and i s  c o n s i s t e n t  with a r e s i d u a l  i n t e r f a c e  e f f e c t  ( f i g .  15).
3.4 HIGH PRESSURE EXPERIMENTS WITH A GOLD-BONDED BUFFER-ROD.
I f  topography mismatch plays  a s i g n i f i c a n t  r o l e  in  the  p ropaga t ion  
of waves ac ross  a dry i n t e r f a c e ,  then i t  was cons idered  t h a t  the  
i n t r o d u c t i o n  of a s u i t a b l e  bonding l a y e r  might minimise th e se  
problems. Normal bonding m a t e r i a l s  were cons idered  u n s a t i s f a c t o r y ,  in 
t h a t  t h e i r  low impedance (-2x10^ Pa. s m_1) in  co n ju n c t io n  with  the  
high b u f f e r  and sample impedances would r e s u l t  in  very l a r g e  and 
p re s su re  s e n s i t i v e  bond phase s h i f t s .  As bond th ic k n e s s  i s  a parameter 
t h a t  i s  always hard t o  dete rmine ,  i t  would be d i f f i c u l t  t o  model the  
bond c o r r e c t io n s  with s u f f i c i e n t  accuracy . To overcome t h i s  
com pl ica t ion  i t  was decided to  use t h i n  gold f o i l  a t  the  i n t e r f a c e ,  on 
the  presumption t h a t  i t  would flow r e a d i l y  i n t o  s u r f a c e  f e a t u r e s  of 
s i g n i f i c a n c e  a t  low p re s su re s  and t h a t  on recovery  a f t e r  a p re s su re  
run i t  would be p o s s i b l e  to  determine i t s  t h i c k n e s s .  On th e  one f o i l  
t e s t e d  in  t h i s  way by P. C. Brugman the  mean th ic k n e ss  of the  gold was 
found to  be (2.1 ± 0 . 1 )y by e l e c t r o n  m ic roscop ica l  o b s e r v a t io n  a f t e r  a 
high p re s su re  run; the  same th ic k n e ss  was i n f e r r e d  from the  weight of 
the d i sk .  D esp i te  the  s l i g h t l y  curved s u r f a c e s  of the  b u f f e r  and 
sample t h e r e  was no s i g n i f i c a n t  th in n in g  near  the  c e n t r e  of the  gold 
d i sk .  A c o u s t i c a l ly  gold  i s  a good match to  the  M2 b u f f e r  impedance 
(see  Tab le  1) which r e s u l t s  in  f a i r l y  small  c a l c u l a t e d  t r a v e l t im e  
c o r r e c t i o n s ,  d e s p i t e  the  r e l a t i v e  t h i c k n e s s  of the  bond. For
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FIGURE 15. Measured AI 2 O3  shear wave v e l o c i t i e s  f o r  the  unbonded 
( sq u a res )  and gold-bonded ( c i r c l e s )  h igh  p re s su re  c o n f ig u r a t io n s .  The 
a s s o c i a t e d  l i n e s  are  l e a s t  squares  q u a d r a t i c  f i t s  to  da ta  in  the  
h igher  p re s su re  range (see  t e x t ) .  Room p re s su re  t r a v e l t i m e ,  measured 
by the  matched one and two t r a n s d u ce r  t e chn ique ,  i s  i n d i c a t e d  by the
d o t t e d  box.
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compress iona l waves the  gold bond reduces  apparent  sample t r a v e l t im e s  
by 2.5 ns a t  10 MHz to  1.5 ns a t  70 MHz. For shear  waves the apparent 
sample t r a v e l t im e s  a re  inc reased  by 5.8 ns a t  10 MHz to  4.4 ns a t  70 
MHz. The frequency  v a r i a t i o n  of the  c o r r e c t i o n  i s  l i n e a r  in  both 
c a s e s .
The h ig h -p r e s s u re  compressional wave da ta  fo r  AI2O3 , measured in 
the  gold-bonded b u f f e r - r o d  c o n f ig u r a t io n ,  a r e  almost i n d i s t i n g u i s h a b l e  
from the dry con tac t  d a ta  once a c o r r e c t i o n  fo r  the  bond i s  ap p l ied .
A comparison of the  two s e t s  of da ta  a t  a p r e s su re  of 2.70 GPa i s  
shown in  f i g .  16. The open c i r c l e s  in  f i g .  6 show t h a t  the  v a r i a t i o n  
of the  1/ f  c o - e f f i c i e n t  fo r  the  gold  bond d a ta  i s  (once the  bond 
e f f e c t  has been removed), very s i m i l a r  to  the  r e s u l t s  f o r  the  the  dry 
c o n tac t  case .  This s i m i l a r i t y  a t  high p re s su re s  in  the  two cases 
suppor t s  the  e a r l i e r  c o n ten t io n  t h a t  the  dry bond was e f f e c t i v e l y  
’’welded" a t  p re s su re s  g r e a t e r  than  1 GPa and t h a t  the  observed 
f requency dependence of t r a v e l t im e  i s  due to  t r a n s d u ce r  d i f f r a c t i o n .  
S u r p r i s i n g l y ,  the  a d d i t i o n  of the  gold  bond has not s i g n i f i c a n t l y  
a l t e r e d  the  behaviour of the  i n t e r f a c e ,  as a p re s su re  of -1 GPa i s  
s t i l l  r e q u i r e d  to  produce "welded" c o n ta c t .
The f u l l y  reduced v e l o c i t y  versus  p re s su re  d a ta  a re  shown in  f i g .  
14 ( c lo s e d  c i r c l e s  a re  the  c o r r e c t e d  gold  bond p o in t s )  with  the  s o l i d  
curve being the  f i t  to  the  d a ta  f o r  P > 1 GPa, g iv in g  the  parameters
a = ( 10.5266 ± 0.0008 ) km s ' 1 
b = ( 0.0748 ± 0.0008 ) km s ' 1 GPa' 1 
c = ( -0.00466 ± 0.00019) km s ' 1 GPa'2 .
This f i t  has an RMS d e v ia t i o n  of 0.15 m/s and g ives  a room p re s su re  
v e l o c i t y  which agrees  conv inc ing ly  with  the  value ob ta ined  by matched 
1 and 2 t r an sd u ce r  exper im ents .  The two da ta  p o in t s  below 1 GPa from
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the gold bond experiment show how the interface becomes a strong 
influence at low pressures. This is also seen in the unbonded 
interface data, where the open squares are data fran another run which 
had sampled the low pressure range more intensively. It is 
interesting to note that the gold bond introduces two interfaces 
between the buffer and sample, and this appears to be reflected in the 
data, with the gold bond low pressure points displaced much further 
below the quadratic fit than is the case for the dry interface. This 
suggests that the gold is not deforming as readily as was expected and 
is surprising when coupled with the observation that fresh gold bonds 
that have been to only ~0.5 GPa pressure appear to mirror the visible 
surface features of the surfaces with which they were in contact. 
This might indicate that the gold flows readily into gross features 
but requires -1 GPa of pressure to fill in the short wavelength 
topography, thereby eliminating the compliance of the interface.
Above 1 GPa the results of the two experiments are almost 
identical and this can be seen by examining the raw traveltime versus 
frequency data for the two configurations (fig. 16). These data were 
taken at 2.70 GPa with -0.002 GPa pressure reproducibility, the gold 
bond data (circles) having had the appropriate correction applied 
showing that the bond correction works very well, the difference in 
traveltimes at the third harmonic amounting to 0.3 ns. Sources of 
error from uncertainties in gold bond thickness, pressure 
reproducibility and temperature stability are negligible, amounting to 
±0.03 ns, ±0.02 ns and ±0.01 ns respectively. Errors due to 
uncertainties in the known acoustic impedances of the various 
materials (approximately 1-2$) and the changes in these impedances 
with pressure (for the AI2O3 the impedance increases by 1.5$ over the 
3 GPa range) were calculated using the appropriate model and amount to 
"*0.1 ns. There was a change of transducers between the two experiments
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FIGURE 16. Comparison of AI 2 O3  compressional wave t r a v e l t im e s  in  the  
high p re s su re  assembly with an unbonded i n t e r f a c e  (d o t s ,  P = 2.700 
GPa) and a gold-bonded i n t e r f a c e  ( c i r c l e s ,  P = 2.702 Gpa). Model 
c o r r e c t i o n s  have been ap p l ied  t o  gold-bonded d a ta .
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with the  r e s u l t i n g  u n c e r t a i n t i e s  in t roduced  with p o s s ib ly  d i f f e r i n g  
and unknown d i f f r a c t i o n  c o r r e c t i o n s .  The c h a rac te r  of the  d i f f e r e n c e  
i s  c o n s i s t e n t  with a small  r e s i d u a l  i n t e r f a c e  e f f e c t  in  the  dry 
i n t e r f a c e  exper iment ,  i . e .  the  curves con t inue  to  approach each o the r  
as the  p re s su re  i n c r e a s e s .  I f  the  v e l o c i t y  d i f f e r e n c e s  a re  conver ted  
to  t r a v e l t i m e  d i f f e r e n c e s ,  they amount to  1.0 ns a t  1 GPa and 0.40 ns 
a t  3GPa, which a re  accounted f o r  by i n t e r f a c e  s t i f f n e s s e s  of -300 GPa 
/  y and -700 GPa /  y ,  r e s p e c t i v e l y .  This  i s  c o n s i s t e n t  with equa t ion  
16, i . e .  i n t e r f a c e  s t i f f n e s s  i s  p r o p o r t io n a l  to  p r e s s u r e ,  a l though the  
co n s tan t  B has a value of -0 .004 y fo r  th e se  values  and i s  about an 
about an o rde r  of magnitude sm a l le r  than  the  expected he igh t  va r iance  
f o r  the  two s u r f a c e s .  The he igh t  v a r iance  being e s t im a ted  from the 
average s lope  of su r face  he igh t  v a r iance  versus  g r i t  s i z e  da ta  of 
Brown and Scholz (1985),  ( s lope  -0 .06 )  and the  f a c t  t h a t  the  su r f a c e s  
were p o l i sh e d  by 1 y diamond p a s t e .  The u n d e re s t im a t io n  of a by 3, i s  
not unreasonab le  as the  s t r e s s  -  c lo su r e  r e l a t i o n s h i p  fo r  a j o i n t  i s  
very s e n s i t i v e  t o  the  shape of the  s u r f a c e  he igh t  p r o b a b i l i t y  d e n s i ty  
f u n c t i o n .  Brown and Scholz  (1985) ob ta ined  he igh t  d i s t r i b u t i o n  
f u n c t io n s  f o r  t h e i r  samples ,  which were only s l i g h t l y  skewed, ye t  
a p p l i c a t i o n  of equa t ion  16 t o  t h e i r  d a ta  produces e s t im a te s  of B th a t  
a re  up to  an order  of magnitude l e s s  than the  measured a fo r  the  
s u r f a c e .
In t ro d u c in g  the  gold  bond in  the  shear  wave exper iments  produces 
somewhat d i f f e r e n t  r e s u l t s .  F ig .  6 shows the v a r i a t i o n  of the  1 / f  
term with p r e s s u r e ,  with the  open c i r c l e s  r e p r e s e n t in g  the  c o r r e c t e d  
gold  bond d a ta .  In  t h i s  case  the  gold  has produced an improvement in  
the  p re s su re  v a r i a t i o n ,  with the  i n t e r f a c e  becoming 
p r e s s u r e - i n s e n s i t i v e  around 1.2 GPa compared to  1.8 GPa fo r  the  dry 
i n t e r f a c e .  The two s e t s  of da ta  do not s t a b i l i s e  a t  the  same value of 
the 1 / f  c o - e f f i c i e n t  (as was observed in  the  P wave exper im en ts ),  with
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the  sense  of the  d i f f e r e n c e  being c o n s i s t e n t  with a r e s i d u a l  i n t e r f a c e  
e f f e c t  in  the  unbonded exper iment .  The f u l l y  reduced v e lo c i ty  versus  
p re s su re  d a ta  in  f i g .  15 t e l l  a s i m i l a r  s t o r y ,  with t h e r e  being a 
marked d i f f e r e n c e  between the  two v e lo c i ty  cu rves .  Again the  
r e l a t i v e l y  lower unbonded v e l o c i t i e s  ( squares )  a r e  c o n s i s t e n t  with a 
r e s i d u a l  i n t e r f a c e  e f f e c t  in  t h e s e  d a ta ,  which i s  probably  completely  
removed with  the  gold bond a t  high p r e s s u r e s .  A q u a d r a t i c  polynomial 
f i t  to  the  gold  bond d a ta  over 1.2 GPa r e s u l t s  in  the  f i t  parameters
a = ( 6.2277 ± 0.0024 ) km s " 1 
b = ( 0.0338 ± 0.0002 ) km s " 1 GPa-1 
c = ( -0.0025 ± 0.0006 ) km s " 1 GPa"2
with an RMS d e v ia t i o n  of 0.4 m/s and produces a room p re s su re  value 
which i s  in  e x c e l l e n t  agreement with matched 1 and 2 t r an sd u ce r  room 
p re s su re  d a ta .  The r e l a t i v e l y  l a rg e  s y s te m a t i c  d i f f e r e n c e  between the  
two curves  i s  in  the  c o r r e c t  sense  to  support  the  o b se rv a t io n  made 
from the v a r i a t i o n  of the  1 / f  term with p r e s s u r e ,  t h a t  even a t  the  
h ig h e s t  p re s su re s  the  dry i n t e r f a c e  was not a "welded" i n t e r f a c e  when 
probed by S-waves.  F ig .  17 shows a comparison of the  two s e t s  of 
exper imenta l  da ta  a t  a p r e s su re  of 3*02 GPa, with  the  t r a v e l t im e  
d i f f e r e n c e  amounting to  -5 ns a t  65 MHz. I t  i s  not c l e a r  why the  two 
curves  in  f i g .  15 i n i t i a l l y  d iverge  a t  low p r e s s u r e s ,  but i t  should be 
no ted t h a t  a t  3 GPa they a r e  running p a r a l l e l  to  each o t h e r .  The low 
p re s su re  da ta  p o in t s  not inc luded  in  the  f i t s  show the  e f f e c t  of the 
non-welded i n t e r f a c e s  -  the  t r a v e l t i m e s  fo r  both c o n f ig u ra t io n s  being 
s i m i l a r l y  i n f lu en c ed .  The unbonded i n t e r f a c e  f i t  i s  good to  
s u r p r i s i n g l y  low p r e s s u r e s ,  wi th  the  p re s su re  having to  drop below 0.7 
GPa be fo re  the  measured p o in t s  a re  s i g n i f i c a n t l y  d i s p la c e d  from i t .
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FIGURE 17. Comparison of AI 2 O3  shear  wave t r a v e l t i m e s  in  the  high 
p r e s s u r e  assembly with  an unbonded i n t e r f a c e  (d o t s ,  P = 3*019 GPa) and 
a gold-bonded i n t e r f a c e  ( c i r c l e s ,  P = 3.022 GPa). Model c o r r e c t io n s  
have been a p p l i e d  to  gold-bonded d a ta .
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3.5 CONCLUSIONS
In summary it can be clearly seen that the unbonded interface is 
not a simple propagator of ultrasonic energy, as is often assumed. 
Currently the best approach to cope with these complicating influences 
is to use a soft intermediate layer (gold in this case) which forms a 
well defined bond at relatively low pressures. The pressure range in 
which this occurs can be deduced from the variation with pressure of 
the frequency dependence of the measured traveltimes. Stabilization 
of the latter indicates that the intermediate layer is behaving like a 
simple bond and its influence on traveltime can be removed with the 
aid of theory. The performance of dry interfaces requires further 
investigation, especially with highly polished surfaces as the theory 
predicts that the interface stiffness will increase as the surface 
roughness decreases resulting in a smaller effect on acoustic waves. 
The most sensitive tests would be carried out using shear waves, as 
the data at 3 GPa show a significant dry interface influence, which 
was not apparent with the compressional waves. It is also apparent 
that it is possible to use the dry interface data to obtain reasonable 
velocity measurements, provided some allowance is made in the errors
for the unaccounted interface effects.
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CHAPTER 4.
RESULTS AND DISCUSSION.
4 . 1 .  AlpOg.
A s t r i k i n g  f e a t u r e  of  the  v e l o c i t y  d a t a  ( f i g u r e s  14 and 15) i s  the  
a b i l i t y  t o  e x t r a p o l a t e  t h e  h igh  p r e s s u r e  go ld  bond c o r r e c t e d  d a t a  t o  
ze ro  p r e s s u r e  and o b t a i n  e x c e l l e n t  agreement w i th  1 and 2 t r a n s d u c e r  
room p r e s s u r e  work. The e x t r a p o l a t i o n s  a r e  over  a range  > 1 GPa, 
which i n c l u d e s  the  low p r e s s u r e  r e g i o n  i n  which any c r a c k  p o r o s i t y  
s h o u ld  be r e a d i l y  e l i m i n a t e d .  I t  i s  ex p ec ted  (Walsh,  1966) t h a t  
c r a c k s  i n  th e  AI2O3 specimen w i th  a s p e c t  r a t i o s  ( t h i c k n e s s / l e n g t h )  
l e s s  than  2x10“ 3 w i l l  be c l o s e d  i n  t h e  0-1 GPa r a n g e .  I f  the  sample 
were t o  have a p o r o s i t y  d i s t r i b u t i o n  such  t h a t  10“  ^ of  the  sample
volume were i n  th e  form of pores  of t h i s  a s p e c t  r a t i o ,  then  from 
e x i s t i n g  t h e o r i e s  on p o r o s i t y  e f f e c t s  on e l a s t i c i t y  ( s e e  J a c k s o n ,
1986, f o r  a r e v i e w ) ,  one e x p e c t s  co m p re ss io n a l  v e l o c i t i e s  a t  room 
p r e s s u r e  t o  be d e p re s s e d  by - 2 . 5% and s h e a r  v e l o c i t i e s  by -0 .7 %. As 
th e  a s p e c t  r a t i o  of the  po re s  d e c r e a s e ,  t h e  d e c r e a s e  i n  v e l o c i t y  
becomes more p ronounced.  The c u r r e n t  e x p e r im e n ta l  t e c h n iq u e s  can 
r e s o l v e  v e l o c i t y  d i f f e r e n c e s  of - \ 0~^ % and y e t  t h e r e  was no
d i s c e r n i b l e  d i f f e r e n c e  between th e  e x t r a p o l a t e d  room p r e s s u r e  v e l o c i t y  
and th e  a c t u a l  measured v e l o c i t y .  T h i s  o b s e r v a t i o n  p l a c e s  ex t rem ely  
low l i m i t s  on t h e  volume of l o w -a s p e c t  r a t i o  p o r o s i t y  i n  th e  sample ,  
as  any c l o s u r e  of  t h i s  p o r o s i t y  w i l l  not  be acc oun ted  f o r  by th e
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polynomials  f i t t e d  to  the  high p re s su re  (>1 GPa) d a t a .  For aspect 
r a t i o s  of 2x 10"3 the  compressional  wave da ta  (which a r e  more s e n s i t i v e  
to  pore  in f lu e n c e )  p lace  a l i m i t  on the  f r a c t i o n a l  volume of such low 
a s p e c t - r a t i o  pores which l i e s  in  the  p a r t s  per m i l l i o n  range .
A comparison of the  c u r r e n t  da ta  with the  Hashin-Shtrikman bounds 
k ind ly  c a l c u l a t e d  by S. Webb fron  the  s i n g l e  c r y s t a l  da ta  of Gieske & 
Barsch (1968) ,  ( t a b l e  2, f i g .  18 and f i g .  19),  shows th a t  room 
p re s su re  v e l o c i t i e s  fo r  the  p o l y c r y s t a l l i n e  sample a r e  lower by about 
3% ,  as i s  expected fo r  a specimen with s i g n i f i c a n t  p o ro s i ty  (2 . 156) .  
Using the  s i n g l e  c r y s t a l  da ta  as a r e f e r e n c e ,  a c a l c u l a t i o n  of the 
crack aspec t  r a t i o  (a) r e q u i r e d  to  account fo r  the  d iscrepancy ,  
r e s u l t s  in  0.08^ct£0.l6.  The observed range of va lues  fo r  a i s  due to  
d i f f e r e n t  e s t im a te s  ob ta ined  from P and S wave d a ta  and i s  c o n s i s t e n t  
with the  observed tendency fo r  p o l y c r y s t a l l i n e  AI2O3 t o  r e t a i n  equant 
voids during hot p r e s s in g .
D esp i te  the  s i g n i f i c a n t l y  lower v e l o c i t i e s  of the  p o l y c r y s t a l l i n e  
sample,  the  measured p re s su re  d e r i v a t i v e s  a re  in  good agreement with 
the  c a l c u l a t e d  p re s su re  dependence of the  Hashin-Shtrikman bounds 
( dVp/dP = 0.075 km s"1 GPa"1 and dVs /dP = 0.034 km s "1 GPa"1) .  At 
room p re s su re  the  v e l o c i t y  d e r i v a t i v e s  measured fo r  the  p o ly c r y s t a l  
a re  in  e x c e l l e n t  agreement (dVp/dP = 0.075 km s “ 1 GPa"1 and dVs /dP = 
0.034 km s " 1 GPa"1) and a t  1 GPa ( th e  l i m i t  of the  Gieske and Barsch 
(1968) d a ta )  they a re  somewhat lower (dVp/dP = 0.065 km s~ 1 GPa" 1 and 
dVs /dP = 0.029 km s "1 GPa"1) ,  with the  mean s lope  over t h i s  range 
being 7—10% below the  s i n g l e  c r y s t a l  d a ta .  I t  should  be noted th a t  
the  Hashin- Shtrikman bounds provide  a reg io n  in  the  v e l o c i t y - p r e s s u r e  
plane  in  which one would expect to  f i n d  the  v e l o c i t y  of a 
p o l y c r y s t a l l i n e  ag g rega te ,  hence the  Hashin-Shtrikman d e r i v a t i v e s  in  
t a b l e  2 a r e  the  d e r i v a t i v e s  of the  bounds t h a t  d e f in e  t h i s  a rea  and so 
are  not a c t u a l l y  bounds on the  p o l y c r y s t a l l i n e  sample d e r i v a t i v e .
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PRESSURE, GPa
FIGURE 18. Pressure variation of corapressional wave velocities for 
polycrystalline AI2 O 3  (solid line) and the Hashin-Shtrikman bounds 
calculated from the Gieske and Barsch (1968) single crystal data 
(marked HS+ and HS~) . Dotted region is the Hashin-Shtrikman bounds 
displaced along the vertical axis to coincide with the polycrystalline 
data, to indicate the agreement between the derivative estimates for
the two data sets.
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PRESSURE, GPa
FIGURE 19. Pressure variation of shear wave velocities for 
polycrystalline AI2 O 3 (solid line) and the Hashin-Shtrikman bounds 
calculated fron the Gieske and Barsch (1968) single crystal data 
(marked HS+ and HS“). Dotted region is the Hashin-Shtrikman bounds 
displaced along the vertical axis to coincide with the polycrystalline 
data, to indicate the agreement between the derivative estimates for
the two data sets.
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Because of the  narrowness of t h i s  reg ion  one would expect t h a t  the 
measured d e r i v a t i v e  w i l l  be reasonab ly  c lo se  to  the  bound d e r i v a t i v e s .  
This can be seen in  f i g s .  18 and 19 where the  Hashin-Shtrikman bounds 
have been t r a n s l a t e d  in  v e lo c i ty  and superimposed upon the 
exper imenta l  curve (d o t t ed  r e g i o n ) ,  showing t h a t  the  measured 
d e r i v a t i v e s  a re  q u i t e  c o n s i s t e n t  with the  bounds.
Hence the  p o l y c r y s t a l l i n e  sample appears  to  be showing c lo se  to  
' i n t r i n s i c *  d e r i v a t i v e s ,  d e s p i t e  the  f a c t  t h a t  a t  3 GPa i t  has not 
even a t t a i n e d  the  Gieske and Barsch (1968) z e r o - p r e s s u r e  v e l o c i t i e s  
(Vp (3 GPa) = 10.708 km/s and Vs (3 GPa) = 6.305 km/s fo r  the  
p o l y c r y s t a l l i n e  sample).  The v e l o c i t y  d e r i v a t i v e s  a re  lower than the  
s i n g l e  c r y s t a l  bound d e r i v a t i v e s ,  which i s  not expected (or observed 
in  the  case of the  o l i v i n e  specimens) ,  as the  r e d u c t io n  in  in  sample 
pore volume with i n c r e a s in g  p re s su re  should  produce somewhat h igher 
values  (see  O l iv ine  r e s u l t s  in  t h i s  chap te r  fo r  f u r t h e r  d i s c u s s io n ) .  
I t  should  be noted  t h a t  a t  the  l e v e l s  t h a t  comparisons a re  being made 
i t  i s  d i f f i c u l t  t o  f u l l y  e v a lu a t e  the  te chn ique  as the  s i n g l e  c r y s t a l  
da ta  themselves  may have unaccounted sources  of e r r o r  w i th in  them.
The v e l o c i t i e s  in  the  t h r e e  mutua l ly  or thogonal  d i r e c t i o n s  wi th in  
the  sample were measured and as can be seen from t a b l e  3 th e r e  i s  no 
i n d i c a t i o n  of any an iso t ro p y  a t  room p r e s s u r e .
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TERM a b c
DATA (km. s " 1) (km. s" ‘ GPa""1 ) (km. s " 1 GPa"2 )
COMP RESSIONAL 10.527 0.0748 -0.0047
±0.003* ±0.0008 ±0 . 0 0 0 2
HS" 1 0 .8 8 0 0.0753 —
HS+ 10.887 0.0748 —
SHEAR 6.227 0.0338 - 0 . 0 0 2 6
±0.003* ±0.0025 ±0 . 0 0 0 6
HS" 6.397 0.0340 —
HS + 6.406 0.0334 —
TABLE 2: Comparison of v e l o c i t y  d a ta  of p o l y c r y s t a l l i n e  AI2O3 with 
Hashin-Shtrikman bounds c a l c u l a t e d  from s i n g l e  c r y s t a l  da ta  of Gieske 
and Barsch (1968).  Data a re  f i t t e d  t o  a polynomial of the  form V = a 
+ bP + cP2 . HS" i s  lower bound, HS+ i s  upper bound. (Bounds k indly  
c a l c u l a t e d  by S. Webb). * Zero p re s su re  e r r o r  in c lu d es  sample len g th
u n c e r t a i n t y .
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DIRECTION vp VS
LENGTH 10.525 ± 0.004 6.227 ± 0.002
DIRECTION A 10.530 ± 0.007 6.229 ± 0.003
DIRECTION B 10.530 ± 0.007 6.227 ± 0.003
TABLE 3 . Measured room p r e s s u r e  v e l o c i t i e s  i n  p o l y c r y s t a l l i n e  
AI2O3 in  t h e  t h r e e  m u t u a l l y  o r th o g o n a l  p r o p a g a t i o n  d i r e c t i o n s .  U nit :  
km s " 1 .
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4 .2 .  OLIVINE #4700.
High p re s su re  experiments were c a r r i e d  out on t h i s  sample a t  a 
very e a r l y  s tag e  in  the  development of the  b u f f e r - r o d  te ch n iq u es .  As 
the in f lu e n c e  of the  i n t e r f a c e  had not been recogn ised  a t  t h i s  p o in t ,  
the  exper iments  were c a r r i e d  out with a dry co n tac t  between the  b u f f e r  
rod and sample.  This was a l so  a pe r iod  when j a c k e t t i n g  and sample 
s e a l i n g  te chn iques  were in  t h e i r  p ro b lem a t ica l  embryonic s t a g e ;  these  
d i f f i c u l t i e s  r e s u l t e d  in  some damage to  the  specimen which prec luded  
a l a t e r  r e - r u n  with  a gold bond. However, s u f f i c i e n t  d a ta  was 
acqu i red  on the  sample t o  make i t  worth in c lu d in g  in  t h i s  work.
From the exper ience  with the  AI2O3 d a ta ,  i t  i s  b e s t  to  use data  
from the p re s su re  range where t h e r e  i s  no change in  the  frequency 
t r a v e l  t ime curve with  p r e s s u r e .  I t  was not p o s s ib l e  to  i d e n t i f y  such 
a re g io n  due to  l i m i t a t i o n s  in  t h i s  s e t  of d a ta .  So i t  was decided 
t h a t  only b u f f e r  rod d a ta  fo r  p re s su re s  g r e a t e r  than approximate ly  1.6 
GPa would be used in  t h i s  a n a l y s i s .  This  would minimise the  in f lu en c e  
of the  i n t e r f a c e  and s t i l l  provide s u f f i c i e n t  d a ta  p o in t s  fo r  a 
weighted l i n e a r  r e g r e s s i o n  a n a l y s i s .  I t  should  a l s o  be no ted  t h a t  
room p re s su re  da ta  s u f f e r  from p o s s i b l e  sy s te m a t i c  e r r o r s  as the 
i n f lu e n c e  of t ran sd u ce r  mismatch had not been i d e n t i f i e d  a t  t h a t  s tage  
(see  chap te r  on 1 and 2 t r a n sd u ce r  exper im en ts ) .
The compressional  v e l o c i t y  d a ta  a r e  shown in  f i g .  20. The da ta  
a re  f i t  well by the  l i n e a r  equation
Vp = (8.2535 ± 0.0034) + (0.0798 ± 0.0014) P [26
A q u a d r a t i c  f i t  was not q u i t e  s t a t i s t i c a l l y  s i g n i f i c a n t  (p<0.95) ,
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OLIVINE 4 7 0 0
PRESSURE, GPa
FIGURE 20. P res su re  v a r i a t i o n  of compressional  wave v e l o c i t y  fo r  
p o l y c r y s t a l l i n e  O l iv in e  #4700 ( s o l i d  l i n e  and do ts )  and the  
Hashin-Shtrikman bounds c a l c u l a t e d  from the Webb (1985) s i n g l e  c r y s t a l  
d a ta  (marked HS+ and HS~) . Dotted reg ion  i s  the  Hashin-Shtrikman 
bounds d i sp la ce d  along the v e r t i c a l  a x i s  to  co inc ide  with  the  
p o l y c r y s t a l l i n e  d a ta ,  to  i n d i c a t e  the  agreement between the  d e r i v a t i v e  
e s t im a te s  f o r  the  two da ta  s e t s .  The v e l o c i t y  measured a t  room 
p r e s s u r e  i s  in d i c a t e d  by the  d o t t e d  box on the  v e l o c i t y  a x i s ,  with  the  
h o r i z o n t a l l y  l i n e d  box i n d i c a t i n g  the  e s t im a te  ob ta in ed  from the  high 
p r e s s u r e  da ta  polynomial.  The u n c e r t a in t y  due to  sample l e n g th  i s  
i n d i c a t e d  by the  e r r o r  ba r .
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probably  due to  the  l a r g e  RMS d e v ia t io n  of the  f i t ,  which i s  2.0 m/s 
(compared to  0.3 m/s fo r  the  corresponding AI2O3 da ta)  and i s  poss ib ly  
due to  p re s su re  measurement problems exper ienced  a t  t h a t  t ime,  which 
have s in c e  been r e s o lv e d .  The e r r o r s  in  equa t ion  26 a re  determined 
from the s c a t t e r  in  the  da ta ,  with the  e x t r a p o la t e d  room p re s su re  
v e l o c i t y  e r r o r  being i n d i c a t e d  by the  h o r i z o n t a l l y  l i n e d  box on the  
compress ional v e lo c i ty  a x i s  of f i g .  20. The o th e r  e r r o r  bar on the  
l i n e a r  r e g r e s s i o n ,  i s  the  e r r o r  due to  l e n g th  measurement u n c e r t a in ty  
of the  sample,  which would r e s u l t  in  a v e r t i c a l  displacement of the  
t r a v e l t i m e  curve w i th in  the  l i m i t s  of t h i s  e r r o r  ba r .  The one and two 
t r a n s d u c e r  room p re s su re  v e lo c i ty  measurement i s  a l so  shown on the  
a x i s  (d o t t ed  box) and i s  (8.29^ ± 0.006) km/s. The discrepancy 
between the  two room p re s su re  d a ta  p o in t s  amounts to  -6 ns in  1.2 ys 
of sample t r a v e l t i m e ,  which i s  unusua l ly  l a r g e .  As the room p re s su re  
one and two t r a n sd u ce r  experiment was not c a r r i e d  out so as to  
compensate fo r  t r a n sd u ce r  mismatch, p a r t  of the  d iscrepancy  can be 
a s c r ib e d  to  t h i s  f a c t o r .  The one and two t r a n s d u ce r  c o r r e c t e d  
t r a v e l t i m e  da ta  show the  downward c u rv a tu re  c h a r a c t e r i s t i c  of a 
t r a n s d u ce r  mismatch t h a t  would produce low t r a v e l t i m e  and hence high 
v e l o c i t y  e s t i m a te s .  The e f f e c t  on t r a v e l t i m e  i s  approximate ly  0.5 
ns/MHz of mismatch and i t  i s  p o s s ib l e  t h a t  the  mismatch could be as 
l a r g e  as 5 MHz a t  the  t h i r d  harmonic.  With t h i s  f a c t o r  taken i n t o  
account,  t h e r e  remains 3“4 ns to  be exp la ined .  The sense  of the  
d i f f e r e n c e  i s  i n c o n s i s t e n t  with low aspec t  r a t i o  microcracks  w i th in  
the  sample and may p o s s ib ly  be a r e s i d u a l  i n t e r f a c e  or bond e f f e c t  
w i th in  the  high p re s su re  b u f f e r - r o d  assembly (as was observed in  th  
AI2O3 d a t a ) .
The shear  wave da ta  are  p l o t t e d  in  f i g .  21 with the  weighted l e a s t  
squares  q u a d ra t i c  with  parameters
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FIGURE 21 . P res su re v a r i a t i o n  of shear wave v e lo c i ty fo r
p o l y c r y s t a l l i n e O l iv in e #4700 ( s o l i d l i n e and do ts )  and the
Hashin-Shtrikman bounds c a l c u l a t e d  f ron  the  Webb (1985) s i n g l e  c r y s t a l  
da ta  (marked HS+ and HS~) . Dotted r e g io n  i s  the  Hashin-Shtrikman
bounds d i sp la ce d  along the  v e r t i c a l  a x i s  to  co inc ide  with the  
p o l y c r y s t a l l i n e  d a ta ,  t o  i n d i c a t e  the  agreement between the  d e r i v a t i v e  
e s t im a te s  f o r  the  two d a ta  s e t s .  The v e l o c i t y  measured a t  room 
p re s su re  i s  i n d i c a t e d  by the  d o t te d  box on the  v e l o c i t y  a x i s ,  with the  
h o r i z o n t a l l y  l i n e d  box i n d i c a t i n g  the  e s t im a te  ob ta in ed  from the high 
p re s su re  da ta  polynomial.  The u n c e r t a i n t y  due to  sample l e n g th  i s  
i n d i c a t e d  by the  e r r o r  ba r .
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a = (4.7773 ± 0.0025) km s “ 1
b = (0.0374 ± 0.0022) km s ' 1 GPa“ 1
c = (0.0023 ± 0.0005) km s “ 1 GPa“2
which shows an RMS d e v ia t i o n  of 0 . 1 6 m/s (compared to  0.06 m/s fo r  the
corresponding  AI2O3 d a t a ) .  The h o r i z o n t a l l y  l i n e d  box on the  v e lo c i ty  
a x i s  i n d i c a t e s  the e r r o r  a s s o c i a t e d  with the  e x t r a p o l a t i o n  of the  f i t  
to  room p re s su re  and compares well with the  one and two t ransduce r  
room p re s su re  d e te rm ina t ion  (d o t t ed  box) ,  a l though  some ca re  has to  be 
taken  with  t h i s  i n t e r p r e t a t i o n ,  as t h e r e  may be a r e s i d u a l  i n t e r f a c e  
e f f e c t  p r e s en t  in  the  high p re s su re  d a ta  (as observed in  the  AI2O3 S 
wave da ta )  as well as a t r a n sd u ce r  mismatch e r r o r  in  the  room p re s su re  
d a ta .  The low p re s su re  shear wave da ta  (< 1.6 GPa) a r e  f i t  to
remarkably  low p re s su re s  by the  q u a d r a t i c  polynomial ,  as observed in  
the  AI2O3 shear  wave d a ta .  Comparison of the  c u r r e n t  o l i v i n e  da ta  can 
be made with the  Hashin-Shtrikman bounds de r ived  from s i n g l e  c r y s t a l  
measurements to  3 GPa in  t h i s  l a b o r a to r y  (Webb, 1985). I t  should be 
noted  t h a t  the  bounds (shown in  f i g s .  20 and 21) a r e  s u b je c t  to  a 
l e n g th  measurement e r r o r  which w i l l  d i s p la c e  them along the  v e r t i c a l  
ax is  by an amount comparable t o  t h a t  i n d i c a t e d  by the  e r r o r  bar in  
each p l o t .  The polynomial terms f o r  the  d a ta  and bounds a re  con ta ined  
in  t a b l e  4. As can be seen in  the  f i g u r e s  the  p o l y c r y s t a l l i n e  da ta  
a re  showing lower v e l o c i t i e s ,  due to  p o r o s i t y ,  but have very s i m i l a r  
d e r i v a t i v e s  to  the  s i n g l e  c r y s t a l  bounds. For shear  waves, dV/dP, of 
the p o l y c r y s t a l l i n e  o l i v i n e  i s  approximate ly  10% h ighe r  over the  
e n t i r e  3 GPa range .  For compr e s s io n a l  waves, t h e r e  i s  only an 
e s t im a te  fo r  the  mean s lope  in  the  1.6 -  3*0 GPa range (0.080 km. s “ 1 
GPa“ 1),  but t h i s  appears  to  agree  very c l o s e l y  to  the  s i n g l e  c r y s t a l  
mean s lope  of 0.075 km. s “ 1 GPa“ 1 . The v e r t i c a l l y  d i s p la ce d  
Hashin-Shtrikman bounds (d o t t ed  reg io n s  in  f i g . s  20 and 21) i n d i c a t e
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the close agreement between the polycrystalline derivatives and those 
derived from the single crystal data. Fran the curvature of the 
H as hi n-S ht ri kman bounds it can be seen why a quadratic term was not 
found in the compressional velocity data. In the range 1.6 - 3.0 GPa 
the greatest departure from the mean compressional velocity slope 
amounts to -2 m/s which is very similar to the RMS deviation of data 
around the best fitting line. With the shear wave data the same 
analysis gives a maximum departure from the mean slope of -2 m/s as 
well, but the RMS deviation of the wave quadratic is -1/3 of this, 
making it much easier to detect the curvature. Table 4 shows that the 
curvature terms of the polycrystalline shear wave data and the bounds 
are surprisingly similar.
The velocity deficiency (-1%) in the polycrystalline sample can be 
ascribed to the 0.3% of porosity present in the sample, very little, 
if any, of which is present as low aspect ratio cracks, as the data 
agree well with the one and two transducer room pressure data. 
Assuming all porosity is in the form of cracks with a very narrow 
range of aspect ratios, then the mean aspect ratio to account for the 
observed effects lies in the range 0.05 < a <0.1, the range in 
estimates being due to differing values obtained for P and S waves. 
By using the theory of Walsh (1965) relating change in pore volume in 
a penny shaped crack (with an aspect ratio, a) to pressure change, one 
can estimate the expected influence of this factor on the change of 
velocity with pressure. The shear wave data give an aspect ratio 
estimate of -0.01, which implies a 19% decrease in pore volume over 
the 0~3 GPa range, resulting in the gap between the Hashin-Shtrikman 
bounds and the olivine #4700 data, decreasing by 0.009 km/s. The 
actual gap closure is 0.008 km/s, showing good agreement with theory.
As a final check on the quality of this specimen, the velocities 
in the three mutually orthogonal propagation directions, were measured
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by one and two transducer experiments. As can be seen from table 5, 
the maximum shear velocity anisotropy is 0.7% and the maximum 
compressional velocity anisotropy is 1.2%.
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TE RM a b
(km. s " 1 GPa"^)
c
(km. s " 1 GPa"2 )DATA (km. s " 1)
COMPRESSIONAL
4700 8.254 0.0798 —
±0.006* ±0.0014
4994 7.840 0.1074 -0.0051
±0.010* ±0.0089 ±0.0021
HS" 8.355 0.0963 -0.00445
HS+ 8.376 0.0954 -0.00432
SHEAR
4700 4.777 0.0374 -0.00228
±0.004* ±0.002 ±0.0005
4994 4.629 0.0383 -0.0026
±0.005* ±0.0044 ±0.0010
HS" 4.827 0.0344 -0.00213
HS + 4.841 0.0339 -0.00208
TABLE 4: Comparison of v e l o c i t y  d a t a  of p o l y c r y s t a l l i n e  o l iv in e s  
4700 and 4994 with Hashin-Shtrikman bounds c a l c u l a t e d  from s in g le  
c r y s t a l  da ta  of Webb(1985). Data a r e  f i t  t o  a polynomial of the  form 
V = a + bP + cP2 . HS" i s  lower bound, HS+ i s  upper bound. (Bounds 
k ind ly  c a l c u l a t e d  by S. Webb). * Zero p re s su re  e r r o r  inc ludes  sample 
l e n g th  u n c e r t a in ty .
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DIRECTION vp Vs
LENGTH 8.206 ± 0.009 4 .769 ± 0.012
DIRECTION A 8.294 ± 0.006 4.767 ± 0.007
DIRECTION B 8.30 ± 0 . 0 3 4.800 ± 0.004
TABLE 5. Measured room p re s su re  v e l o c i t i e s  in  O l iv in e  #4700 in  
the  t h r e e  mutua l ly  o r thogonal  p ropaga t ion  d i r e c t i o n s .  Unit:  km s _ 1 .
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4 .3 .  OLIVINE #4994.
High p re s su re  experiments were c a r r i e d  out on t h i s  sample using a 
gold bond between b u f f e r  and sample.  The compressional  wave velocity- 
d a t a ,  c o r r e c t e d  fo r  the  in f lu en c e  of the  gold bond, a r e  shown in  f i g .  
22, with  the  l e a s t  squares  q u a d ra t i c  f i t  to  >1 GPa d a ta .  The 
q u a d r a t i c  parameters  a re
a = ( 7.8405 ± 0.0088 ) km s~1
b = ( 0.1074 ± 0.0089 ) km s " ”1 GPa-1
c = (-0.0051 ± 0.0021 ) km s -1 GPa"2
with an RMS d e v ia t i o n  of the f i t  of 2.6 m/s.  The room p re s su re  
v e l o c i t y  (measured with the  sample mounted on an o p t i c a l  f l a t  bu f fe r  
rod) was determined t o  be ( 7.582 ± 0.010 ) km s"^ a t  30 MHz. I t  was 
not p o s s i b l e  to  o b ta in  room p re s su re  d a ta  a t  h igher  f r e q u e n c i e s ,  due 
to  s c a t t e r i n g  from low aspec t  r a t i o  c racks  w i th in  the  sample; these  
were e v id e n t ly  r e a d i l y  c lo sed  by the  a p p l i c a t i o n  of p re s s u r e ,  s ince  
a l l  high p re s su re  b u f f e r  rod t r a v e l t i m e s  were o b ta in e d  in  the  60 -  70 
MHz range .  The microcracks  c l e a r l y  account fo r  the  low room p re s su re  
v e l o c i t y  and the  da ta  i n d i c a t e  t h a t  by 0.5 GPa they a r e  completely  
shu t ;  i t  i s  i n f e r r e d  t h a t  the  c racks  have aspec t  r a t i o s  l e s s  than 2 x 
10"3 and t h a t  they c o n t r i b u t e  < 0.1$ to  the  p o r o s i t y .  When the  sample 
was i n i t i a l l y  s e l e c t e d ,  i t  was mounted on a b u f f e r  rod  and i t  was 
p o s s i b l e  t o  p ropaga te  somewhat a t t e n u a t e d  t h i r d  harmonic s i g n a l s  
through i t .  I t  was only a f t e r  the  high p re s su re  runs  had been 
completed t h a t  the  room p re s su re  v e l o c i t i e s  were measured and i t  was
found t h a t  t h i r d  harmonic energy no longer  propagated  through the  
sample.  This implies  t h a t  p r e s su re  cyc l ing  has induced th e  gen e ra t io n
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FIGURE 22. Pressure variation of corapressional wave velocity for 
polycrystalline Olivine #4994 (solid line and dots) and the 
Hashin-Shtrikman bounds calculated from the Webb (1985) single crystal 
data (marked HS+ and HS"). Dotted region is the Hashin-Shtrikman
bounds displaced along the vertical axis to coincide with the 
polycrystalline data, to indicate the agreement between the derivative 
estimates for the two data sets. Velocity measured at room pressure 
(dotted box) and estimated fron the high pressure data polynomial 
(horizontally lined box), are shown on the velocity axis.
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of a d d i t i o n a l  m ic ro c ra ck s .
The shear  wave da ta  show the  same c h a r a c t e r i s t i c s  as the 
cong re ss iona l  wave da ta  ( f i g .  23).  The q u a d ra t i c  f i t  to  c o r r e c t e d  
gold bond d a ta  fo r  p re s su re s  g r e a t e r  than  1 GPa has the  paramete rs
a = ( 4.6294 ± 0.0045 ) km s ' 1
b = ( 0.0383 ± 0.0044 ) km s " 1 GPa"1
c = (-0.0026 ± 0.0010 ) km s " 1 GPa"2
with an RMS d e v ia t i o n  of 0.9 m/s.  The room p re s su re  v e lo c i ty  
(measured with the  sample mounted on an o p t i c a l  f l a t  b u f f e r  rod) was 
found to  be ( 4.426 ± 0.004 ) km s " 1 at  30 MHz, with the
m icro -c rack ing  p reven t ing  measurements a t  h igher  f r eq u e n c ie s  (which 
were p o s s ib l e  under p r e s s u r e ) .
From the v e l o c i t y  d a ta ,  i t  i s  c l e a r  t h a t  the  sample has a bimodal 
d i s t r i b u t i o n  of pore aspec t  r a t i o s .  The in f lu en c e  of low aspec t  r a t i o  
microcracks  on v e l o c i t i e s  measured below 0.5 GPa has a l r e a d y  been 
d i s cu s sed .  At p re s su re s  above 0.5 GPa, the  d ep re ss ion  in  v e l o c i t i e s  
r e l a t i v e  to  the  Hashin-Shtrikman bounds i s  p r e s su re  i n s e n s i t i v e  - 
d i a g n o s t i c  of a p o p u la t io n  of more equant pores .  By us ing  the  room 
p re s su re  v e l o c i t i e s ,  ob ta ined  from e x t r a p o l a t i o n  of the  h igh p re s su re  
d a ta ,  to  de r ive  an e s t im a te  of the  e l a s t i c  c o n s ta n t s  of the  uncracked 
but porous m a tr ix ,  one can o b ta in  an upper bound on the  volume 
f r a c t i o n  of low aspec t  r a t i o  pores r e q u i r e d  to  give the  observed 
v e l o c i t y  d ep re s s io n ,  us ing  the  upper bound on pore  aspec t  r a t i o .  This 
g ives  a va lue of <0.1$, which would d iminish  i f  the  aspec t  r a t i o  were s m a l l e r .  
I t s  mean aspec t  r a t i o  can be determined using the  measured sample 
p o r o s i ty  and the  v e l o c i t y  d ep re ss ion  of the  high p r e s s u r e  da ta  
r e l a t i v e  to  the  Hashin-Shtrikman bounds. The e s t im a te  f o r  t h i s  sample 
i s  remarkably s i m i l a r  f o r  P and S wave d a ta ,  being 0.12 < a < 0.16,
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FIGURE 23. P res su re  v a r i a t i o n  of shear wave v e lo c i ty  fo r
p o l y c r y s t a l l i n e  O l iv ine  #4994 ( s o l i d  l i n e  and do ts )  and the  
Hashin-Shtrikman bounds c a l c u l a t e d  from the Webb (1985) s i n g l e  c r y s t a l  
da ta  (marked HS+ and HS” ) . Dotted re g io n  i s  the  Hashin-Shtrikman
bounds d i s p la c e d  along the  v e r t i c a l  ax i s  to  co inc ide  with the  
p o l y c r y s t a l l i n e  d a ta ,  t o  i n d i c a t e  the  agreement between the  d e r i v a t i v e  
e s t im a te s  f o r  the  two d a ta  s e t s .  V e loc i ty  measured a t  room p re s su re  
(d o t t e d  box) and e s t im a te d  from the high p re s su re  d a ta  polynomial 
( h o r i z o n t a l l y  l i n e d  box),  a r e  shown on the  v e l o c i t y  a x i s .
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which i s  c o n s i s t e n t  with expected aspec t  r a t i o s  fo r  r e s i d u a l  pores in  
h o t - p r e s s e d  m a t e r i a l .  Comparison of the  high p re s su re  d a ta  (0 .5  - 
3.0  GPa ) with the  Hash in -Sh t r i  kman bounds shows t h a t  fo r  
compress iona l waves the  v e lo c i ty  of the  sample i s  depressed  by -6%,  
whereas the e s t im a ted  d e r i v a t i v e  i s  h igher  by —11% throughout t h i s  
range .  For shear  waves the v e l o c i t i e s  a re  depressed  by 4£ over the  
same p re s su re  range and the  d e r i v a t i v e  i s  —11% high in  the  0-2 GPa 
range and ~o>% high a t  3 GPa. The h igher  d e r i v a t i v e s  of the  sample 
probably  r e f l e c t s  some pore volume r e d u c t io n  in  the  high a sp ec t  r a t i o  
crack p o p u la t io n ,  over the  p re s su re  range of measurement. The theory  
p r e d i c t s  t h a t  pore c lo su r e  (wi th the  observed a spec t  r a t i o )  would 
produce an a d d i t i o n a l  0.049 km/s of shear  wave v e l o c i t y  change over 
the  0~3 GPa p re s su re  range ,  which agrees  well with the  observed 0.066 
km/s excess .  The agreement f o r  compressional wave v e l o c i t y  i s  not as 
good, with theory  p r e d i c t i n g  0.11 km/s and the  d a ta  i n d i c a t i n g  an 
excess  of only 0.03 km/s.  I t  i s  i n t e r e s t i n g  t o  no te  t h a t  the  shear  
wave v e l o c i t y - p r e s s u r e  d e r i v a t i v e s  of both p o l y c r y s t a l l i n e  o l i v i n e s  
a re  w i th in  about 2% of each o th e r  and t h a t  the  more porous 4994 
o l i v i n e  shows s l i g h t l y  h igher  d e r i v a t i v e s ,  over most of the  p r e s s u r e  
range .
The v e lo c i ty  an i so t ro p y  of the  sample in  the  t h r e e  mutua l ly  
o r thogona l  d i r e c t i o n s  were measured using bonded o p t i c a l  f l a t  b u f f e r  
rod exper iments .  As mentioned e a r l i e r ,  t h e se  v e l o c i t y  measurements 
were o b ta in e d  a t  -30 MHz, as the  sample would not p ropaga te  t h i r d  
harmonic energy a f t e r  p r e s su re  cyc l ing  to  3 GPa. The r e s u l t s  a r e  in  
t a b l e  6, and show a maximum an iso t ropy  of 1 .7% f o r  both P and S waves. 
I t  i s  not c l e a r  whether t h i s  an i so t ropy  i s  a s s o c i a t e d  with  p r e f e r r e d  
o r i e n t a t i o n  of o l i v i n e  g ra in s  or whether i t  i s  due t o  a smal l  amount 
of p r e f e r r e d  o r i e n t a t i o n  of the  low aspec t  r a t i o  m ic ro -c ra c k s .
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DIRECTION vp vs
LENGTH 7.582 ± 0.011 4.426 ± 0.004
DIRECTION A 7.570 ± 0.011 4.502 ± 0.004
DIRECTION B 7.700 ± 0.007 4.485 ± 0.006
TABLE 6. Measured room p re s su re  v e l o c i t i e s  in  O l iv in e  4994 in  the
th r e e  m utua l ly  or thogonal  p ropaga t ion  d i r e c t i o n s .  Unit :  km s “ "1
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CHAPTER 5.
CONCLUSIONS.
A buffer-rod technique has been developed for the measurement by 
ultrasonic pulse interferometry of elastic wave velocities in 
jacketted polycrystalline specimens as functions of pressure to 3 GPa. 
The technique has been tested on a suite of synthetic polycrystalline 
specimens for which bounds on the pressure-dependent wave velocities 
may be calculated from single-crystal elasticity data. These 
specimens, of alumina and forsteritic olivine Fo q q, are fine-grained 
(<50y) and of low porosity (0.3 ~ 4.8%); with departures from elastic 
isotropy not exceeding ±1 $ in velocity at room pressure.
Measurements conducted at pressures below -1 GPa with the unbonded 
buffer-rod configuration are compromised by the behaviour of the 
interface between the buffer-rod and the specimen. Complex reflection 
and transmission coefficients associated with the contact between 
microscopically rough surfaces give rise to significant traveltime 
perturbations which decrease markedly with increasing pressure. These 
complications can be minimised by insertion between the buffer-rod and 
the specimen of a disc of gold foil which contributes a ’bond' with 
more clearly defined and less pressure-sensitive acoustic properties. 
The range of pressures within which the interface effect is negligible 
may be significantly increased by the use of this bonded 
configuration, and possibly also by more attention to surface finish.
Elastic wave velocities are sensitive indicators of crack 
porosity. Very large pressure derivatives measured between 0 and 0.5 
GPa on one specimen were attributed to the closure of 0.1$ porosity
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a s s o c i a t e d  with c racks  with aspec t  r a t i o s  l e s s  than 10~3. Otherwise 
p re s su re  d e r i v a t i v e s  were normal with v e l o c i t i e s  approximate ly  1, 3
and 4-6 % below the  Hashin-Shtrikman bounds throughout  the  0-3 GPa 
i n t e r v a l  fo r  specimens of 0 .3 ,  2.1 and 4.8? p o r o s i t y ,  r e s p e c t i v e l y .  
These modest r e d u c t io n s  in  v e l o c i t y  and t h e i r  s u r v i v a l  to  3 GPa 
i n d i c a t e  t h a t  e s s e n t i a l l y  a l l  of the  p o r o s i ty  in  th e s e  specimens i s  
c o n t r ib u t e d  by r e l a t i v e l y  equid imensional pores of aspec t  r a t i o  -0 .1  - 
c o n s i s t e n t  with t h e i r  o r i g i n  as s i n t e r e d  a g g reg a te s .
F i n a l l y ,  the  measured p re s su re  d e r i v a t i v e s  were compared with 
those  of the Hashin-Shtrikman bounds c a l c u l a t e d  from the 
p res su re -dependen t  s i n g l e - c r y s t a l  e l a s t i c  moduli .  With the  s o le  
excep t ion  of the  microcracked specimen a t  p r e s su re  below 0 .5  GPa, the  
measured d e r i v a t i v e s  of wave v e l o c i t i e s  reproduced w i th in  ±10? the 
s lopes  of the  Hashin-Shtrikman bounds. Thus, the  presence  of a few 
pe rcen t  of p o ro s i ty  in  the  form of equid imensional pores in  a s i n t e r e d  
or h o t -p r e s s e d  ag g rega te  r e s u l t s  in  an a p p re c ia b le  r e d u c t i o n  of the 
e l a s t i c  wave v e l o c i t i e s ,  but a f f e c t s  only m arg ina l ly  th e  p re s su re  
d e r i v a t i v e s .  I t  fo l lows  th a t  the  techn iques  de sc r ib ed  and developed 
in  t h i s  s tudy should  be well  s u i t e d  t o  the  measurement of p re s su re  
d e r i v a t i v e s  fo r  h ig h -p r e s s u r e  phases as ye t  u n a v a i l a b le  as l a rg e  
s i n g l e  c r y s t a l s ,  and t o  the  s tudy of v e l o c i t y  an i so t ro p y  a s s o c i a t e d  
with  p r e f e r r e d  o r i e n t a t i o n  in  deformed p o l y c r y s t a l l i n e  specimens.
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APPENDIX A.
BOND THICKNESS INFERENCE FROM BUFFER-ROD TRAVELTIME MEASUREMENTS.
INTRODUCTION.
Of t h e  t e c h n i q u e s  a v a i l a b l e  t o  m e a s u r e  room p r e s s u r e  v e l o c i t i e s  of 
s a m p l e s ,  t h e  bonded b u f f e r - r o d  p r o v e s  t o  be t h e  q u i c k e s t  and  most  
c o n v e n i e n t .  However f o r  h i g h  p r e c i s i o n  m ea s u rem e n ts  i t  has  t h e  
d i s a d v a n t a g e  o f  t h e r e  b e i n g  b i a s  i n  t h e  t r a v e l t i m e  d a t a  due t o  t h e  
i n f l u e n c e  o f  t h e  bond .  T h i s  b i a s  can  be m in i m i s e d  by t h e  u s e  o f  a 
b u f f e r - r o d  o f  r e l a t i v e l y  low im p e d a n c e ,  c o n s i s t e n t  w i t h  o b t a i n i n g  
s i g n a l s  of good a m p l i t u d e  from t h e  s a m p l e ,  and  a bond o f  h i g h e s t  
p o s s i b l e  impedance  ( s e e  S e c t i o n  3 * 2 . 1 .  f i g .  8)  and i n  o r d e r  t o  
d e t e r m i n e  t h e  m a g n i tu d e  o f  such  b i a s  o r  t o  make q u a n t i t a t i v e  
c o r r e c t i o n s  i t  i s  n e c e s s a r y  t o  e s t i m a t e  t h e  bond t h i c k n e s s ,  a 
p a r a m e t e r  which  i s  e x t r e m e l y  d i f f i c u l t  t o  m e a s u r e .  I n  t h i s  a p p e n d ix  
an e x a m i n a t i o n  w i l l  be made o f  t h e  f a c t o r s  t h a t  c o n t r o l  bond 
t h i c k n e s s ,  and  methods  f o r  i n f e r r i n g  bond t h i c k n e s s  w i l l  be a s s e s s e d .
THEORY.
The bond c o n s i s t s  of  a f l u i d  l a y e r  of  v i s c o s i t y  y and  t h i c k n e s s  
h ( t ) ,  i n i t i a l l y  h 0 , which  i s  t h i n n e d  by b e i n g  c lam ped  b e tw e en  t h e  
b u f f e r - r o d  and  a c y l i n d r i c a l  spec im en  o f  r a d i u s  R f o r  t im e  t  u n d e r  t h e  
a c t i o n  o f  a f o r c e  F ( s e e  f i g .  A1 ) .
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r=R
FIGURE A1 . Geometry f o r  the  a n a l y s i s  of the  r a t e  of bond th in n in g ,  
when a fo rce  F i s  ap p l ied  to  a sample with a t h i n  f l u i d  bond between
0 < z < h.
The induced  f l u i d  f low i s  dominated by th e  r a d i a l  v e l o c i t y  u which 
i s  r e l a t e d  t o  t h e  p r e s s u r e  g r a d i e n t  by th e  e x p r e s s i o n
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The i n c o m p r e s s i b i l i t y  of  th e  f l u i d  r e q u i r e s  t h a t  i t s  volume be 
c o n s e rv e d  i e . ,
u ( z )  2 itr  dr + irr2 h * = 0
z=0
i t  f o l l o w s  t h a t
6 urh
dr h3
and t h e r e f o r e  t h a t
3uh
P = _____  ( r 2 -  R2 )
h3
and
P 2irr dr
3-rryhR4
2h3
s o l u t i o n  of  t h i s  l a s t  e q u a t io n  f o r  h y i e l d s
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h o  3 ttuR4
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h
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For a g ly c e r in e  bond of v i s c o s i t y  y - 1 N s and i n i t i a l
th i c k n e s s  hg = 10 y, with  a fo r ce  of 15 N ap p l ied  to  a sample of 7 mm 
d iam e te r ,  the bond has th inned  a f t e r  10 seconds to  ~2y, a f t e r  100 
seconds to ~ 0 . 6 y  and a f t e r  1000 seconds to  ~ 0 . 2 y .  Under th e se  l a s t  
c o n d i t i o n s ,  the  v e r t i c a l  dimensions of the s u r f a c e  topography a re  
comparable with  the  bond th ic k n e ss  and w i l l  t h e r e f o r e  begin  to  
in f lu e n c e  the  th in n in g  r a t e .  When the  two s u r f a c e s  touch and support  
the  ap p l i e d  f o r c e ,  the  a c tu a l  a rea  of i n t im a te  con tac t  w i l l  be only a 
very small  f r a c t i o n  of the  t o t a l  a re a  (<0.01, see  s e c t i o n  2.5) and i t  
i s  t h e r e f o r e  not p o s s i b l e  to  t r a p  any f l u i d  between the  two s u r f a c e s .  
Hence with  s u f f i c i e n t  e lapsed  t ime,  i t  i s  s u r fa ce  topography th a t  
de termines  the  f i n a l  bond t h i c k n e s s .
RESULTS AND DISCUSSION.
To confirm the th in n in g  behaviour of a bond, a b u f f e r - r o d  -  sample 
assembly was put to g e th e r  with a f r e s h  g ly c e r in e  bond and the  
frequency of an i n t e r f e r e n c e  minimum was monitored.  The r e s u l t s  
demonstrated  the  expected i n i t i a l  r a p id  th in n in g  of the  bond which 
slowed with e lapsed  t ime; a f t e r  -30 minutes t h e re  was no f u r t h e r  
change in  the  frequency of the  i n t e r f e r e n c e  minimum, presumably 
because the  h ig h e s t  a s p e r i t i e s  of the  two su r f a c e s  had come i n to  
c o n t a c t .
F r eq u en cy - t rav e l t im e  da ta  ob ta ined  a t  room p r e s s u r e  with  the  
g lycer ine -bonded  b u f f e r - r o d  c o n f ig u r a t io n  fo r  the  alumina specimen are  
compared with  ’ unbonded' da ta  in  f i g .  A2. The 'unbonded'  d a ta  a re  
room p re s su re  d a ta  f r e e  from i n t e r f a c e  and bond e f f e c t s  which were 
de r ived  by c o r r e c t i o n  of the  3 GPa gold bond t r a v e l t i m e s  f o r  the  
in f lu e n c e  of a bond of known th ic k n e s s  fo llowed by e x t r a p o l a t i o n  back 
to  a tmospheric  p r e s s u r e .  I t  was found t h a t  bonds could  be prepared
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FIGURE A2. Trave l t imes  ob ta ined  with the  AI 2 O3  sample mounted on the  
high p re s su re  M2 b u f f e r - r o d .  Bonded da ta  i s  ob ta ined  with  a g ly c e r in e  
bond. The bond formed by the  more r e f l e c t i v e  sample s u r f a c e  (end B) 
shows lower bond th i c k n e s s .  See t e x t  f o r  an ex p lan a t io n  of the  o the r
c u r v e s .
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q u i t e  r e p ro d u c ib ly  on e i t h e r  end of the  alumina specimen - four 
independent t r i a l s  producing a spread  of only 0 . 18ns in  measured 
t r a v e l  t ime.
The d e v ia t i o n  of the  ’ bonded* from the ’ unbonded’ da ta  in  f i g .  A2 
may be used to  o b ta in  an e s t im a te  of bond th ic k n e ss  v ia  the  simple  
bond model ( s e c t i o n  2.C and f i g . 8 ) .  The d a ta  a t  60 MHz i n d i c a t e  t h a t  
f o r  the  poore r AI2O3 s u r face  the  bond th ic k n e ss  i s  ~0 . 38y, while fo r  
the  more r e f l e c t i v e  su r f a c e  i t  i s  - 0 . 1 3y. The values  ob ta ined  a re  
q u i t e  c o n s i s t e n t  with the  f a c t  t h a t  1y diamond g r i t  was used in  
p o l i s h in g  the  s u r f a c e s ;  the i n f e r r e d  d i f f e r e n c e  in  s u r f a c e  f i n i s h  
r e s u l t i n g  from v a r i a t i o n s  in  p o l i s h in g  t imes .
With topography being the determinant of bond t h i c k n e s s ,  bond
th ic k n e s s es t imates should be independent of the bonding m a te r i a l
used.  This hypo thes i s  was t e s t e d  using the  same M2 b u f f e r  -  AI2O3 
sample assembly as in  th e  previous  exper im ents .  F ig .  A3 shows the 
r e s u l t s  ob ta ined  from a g ly c e r in e  bond (uppermost d a ta  s e t ) ,  with 
model c o r r e c t i o n s  of 0 . 1 y  ( t r i a n g l e s ) ,  0 . 1 5 y  (middle s e t  of do ts )  and 
0 . 2 5 y  ( s q u a r e s ) ,  a p p l i e d .  The s o l i d  l i n e  i s  the  same r e f e r e n c e  curve 
as used in  f i g .  A2. The da ta  appear to  give a w e l l - c o n s t r a in e d  
e s t i m a te  of bond th ic k n e s s  of 0 . 1 5y,  based upon the  match to  both the  
a b so lu t e  value and the  frequency dependence of the  t r a v e l  t ime.  The 
same r e s u l t s  f o r  an e thanol  bond a r e  shown in  f i g .  A4 with c o r r e c t io n s  
fo r  0 . 0 5 y  ( c i r c l e s ) ,  0 . 0 7 y  (middle s e t  of do ts )  and 0 . 1 y  ( squa res )  
bonds. Again a b so lu t e  t r a v e l t i m e  and genera l  c u rv a tu re  c o n s t r a in  the  
bond th ic k n e s s  e s t im a te  t o  ~ 0 . 0 7 y ,  which i s  c l e a r l y  i n c o n s i s t e n t  with 
the  e s t im a te  ob ta in ed  from the g ly c e r in e  bond.
Comparisons between experiment and theory  ( l i k e  th o se  made in  the  
preceding  paragraphs)  s u f f e r  from th e re  not being a convenient 
te chn ique  to  determine the  t r u e  t r a v e l t i m e  of the  sample.  This 
q u a n t i t y  has to  be de r ived  th rough i n d i r e c t  and sometimes
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FIGURE A3. A p p l ica t io n  of the  simple  bond model to  the  d a ta  from the 
M2 b u f f e r - r o d  -  g ly c e r in e  bond -  AI2O3 sample c o n f i g u r a t i o n .  The 
uppermost do ts  a re  un co r rec ted  d a ta ,  which have c o r r e c t i o n s  f o r  bond 
th ic k n e s s e s  of 0 . 1p ( t r i a n g l e s ) ,  0.15u (lowermost do ts )  and 0.25u 
( sq u a res )  a p p l i e d  to  them.
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FIGURE A4. A p p l ica t io n  of the  s imple  bond model to  the  d a ta  from the 
M2 b u f f e r - r o d  - e thanol bond -  AI2O3 sample c o n f ig u r a t io n .  The 
uppermost dots a re  u n co r rec ted  d a ta ,  which have c o r r e c t io n s  fo r  bond 
th ic k n e s s e s  of 0.05y ( c i r c l e s ) ,  0 .07y (lowermost do ts )  and 0 . 10y 
( sq u a res )  a p p l i e d  t o  them.
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model-dependent means, and has to  be rede termined  due to  changes in  
t r a n s d u c e r  d i f f r a c t i o n  e f f e c t s  when the  exper imental  c o n f ig u r a t io n  i s  
s i g n i f i c a n t l y  a l t e r e d .  To circumvent t h i s  problem and as r e s u l t  of 
the  demonst ra t ion  of the r e p r o d u c i b i l i t y  of bonds, the  double 
b u f f e r - r o d  c o n f ig u r a t io n  was conceived ( f i g .  A5). I t  c o n s i s t s  of a 
t r a n s d u c e r  mounted on what i s  termed an a c t i v e  b u f f e r - r o d  (an o p t i c a l  
f l a t  in  t h i s  c a s e ) ,  the  sample i s  a t t a c h e d  to  the  a c t i v e  b u f f e r - r o d  
with g l y c e r in e  and loaded so t h a t  t h i s  bond i s  s t a b l e  and not e a s i l y  
d i s t u r b e d .  A second "pass ive"  b u f f e r - r o d  i s  then a t t a c h e d  to  the  end 
of the sample with  a s u i t a b l e  bond. By measuring the  sample 
t r a v e l t i m e  of t h i s  c o n f ig u r a t io n  and a l s o  when the  p a ss iv e  b u f f e r - r o d  
and i t s  bond a r e  removed, one can d i r e c t l y  measure the  r e f l e c t i o n  
p h a s e - s h i f t  of the  bond between the  sample and p ass iv e  b u f f e r - r o d .  
Hence, i f  the  pa ss ive  b u f f e r - r o d  i s  the  M2 high p r e s su re  b u f f e r - r o d  
mounted on the  a p p r o p r i a t e  end of the  AI2O3 specimen, then one can 
measure the  r e f l e c t i o n  phase s h i f t  of the  bond d i scu ssed  in  the  
prev ious  paragraphs and d e r iv e  a f u r t h e r  e s t im a te  of bond th ick n ess  
through the  use of the s imple  bond model.
A s e t  of d a ta  fo r  t h i s  arrangement,  with a g l y c e r in e  bond i s  shown 
in  f i g .  A6 . As can be seen the  comparison with  the  model ( l i n e s  in  
f i g .  A6 ) i s  good over most of the frequency range ,  with t h e r e  being 
anomalous behaviour a t  low f r e q u e n c i e s .  The bond th ic k n e ss  (0.5 ~ 
0 . 7 y) i s  f a r  g r e a t e r  than  the  th ic k n e ss  of - 0 . 15y i n f e r r e d  from the  
d a ta  of f i g .  A3 and i n d i c a t e s  a c l e a r  problem in  apply ing the  th e o ry .  
This i s  emphasised even more when the  same experiment i s  c a r r i e d  out 
with an e thanol bond between the  sample and pass ive  b u f f e r - r o d  ( f i g .  
A7) .  The i n f e r r e d  bond th ic k n e s s  ranges from 0.17 t o  0.22y in t h i s  
case  compared with -0 .07y  from f i g .  A3. The double b u f f e r - r o d  da ta  
a l s o  show a h igher  degree of v a r i a b i l i t y  ( p a r t l y  due to  the  more 
complicated  a c o u s t i c  pa th) with  the  i n f e r r e d  g ly c e r in e  bond le n g th
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BUFFER-ROD BUFFER-ROD
FIGURE A5. Schematic diagram of the double buffer-rod configuration, 
with which the bond thickness between the sample and the passive 
buffer-rod can be inferred, via the simple bond model.
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FIGURE A6 . Reflection phase shift of a glycerine bond, sandwiched 
between the AI 2 O 3 sample and the M2 high pressure (passive) 
buffer-rod, as measured in the double buffer-rod experiment (dots) and 
calculated from the simple bond model (lines).
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ETHANOL BOND
FREQUENCY, (MHZ)
FIGURE A7. Reflection phase shift of an ethanol bond, sandwiched 
between the AI2 O 3 sample and the M2 high pressure (passive) 
buffer-rod, as measured in the double buffer-rod experiment (dots) and
calculated fron the simple bond model (lines).
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rang ing  from 0.4 to  0 .8u and the  i n f e r r e d  e thanol bond l e n g th  ranging  
from 0.17 to  0.27 u.
The fo rego ing  r e s u l t s  show t h a t  care  has to  be e x e r c i s e d  in  
apply ing  the  th e o ry .  The theory  produced e x c e l l e n t  c o r r e c t i o n s  f o r  
the  high p re s su re  M2 b u f f e r - r o d  -  gold bond -  AI2O3 compress ional wave 
d a ta  ( see f i g . 16) y e t  i t  cannot provide  a c l e a r  bond l e n g th  e s t i m a te  
f o r  the  room p re s su re  d a ta .  C o n s id e ra t io n  of the  two bond geometr ies  
shows t h a t  fo r  the  gold bond, the  bond was q u i t e  th ic k  compared t o  the  
s u r f a c e  topography h e igh t  (gold  bond th ic k n e ss  was 2.1 p with the  
c h a r a c t e r i s t i c  topography dimension being e s t im a ted  to  be <0 .5u ) .  For 
th e  bonded room p r e s su re  exper iments ,  t h e s e  two q u a n t i t i e s  a re  
comparable,  which r e p r e s e n t s  a s ev e re  v i o l a t i o n  of the  p lane  i n t e r f a c e  
r e p r e s e n t a t i o n  used in  producing the  o r i g i n a l  model. A d d i t i o n a l ly  the  
g ross  s u r f a c e  c u rv a tu re  must be a com plica t ion  on th e se  s c a l e s  as the  
bond th ic k n e s s  v a r i a t i o n  caused by t h i s  (over the  r e g io n  sampled by 
th e  a c o u s t i c  beam of the  t r a n s d u ce r )  i s  of a comparable s i z e  t o  the  
topography h e ig h t .  The c u rv a tu re  can a l so  complicate  the  bond by 
making i t  d i f f i c u l t  to  o b ta in  a po in t  of con tac t  between the  two 
s u r f a c e s  over the  p r o j e c t e d  c e n t r e  of the  t r a n s d u c e r ,  hence
in t r o d u c in g  an asymmetry t o  the  mean bond th i c k n e s s .
F i n a l l y ,  a comment i s  a p p ro p r i a t e  on the  r o l e  of d i f f r a c t i o n .  
Measured t r a v e l t im e s  d e v ia t e  f ron  those  expected f o r  p lane  wave 
p ropaga t ion  as a consequence of the c u rv a tu re  of the  wavefront a r i s i n g  
from the f i n i t e n e s s  of the  dimensions of the  source  (S ec t io n  2 .D) .  A 
comparison of the  observed frequency dependence of t r a v e l  t ime a t  3 GPa 
( l i n e  marked "unbonded") and the  p e r t u r b a t i o n s  c a l c u l a t e d  from 
d i f f r a c t i o n  theory  (lower l i n e )  in  the  h igh p re s su re  M2 b u f f e r - r o d  - 
AI2O3 sample assembly i s  shown in  f i g .  A2. The v e r t i c a l  p o s i t i o n i n g  
of the  t h e o r e t i c a l  curve i s  a r b i t r a r y  as the  sample p lane  wave 
t r a v e l t i m e  i s  not p r e c i s e l y  known. The do t ted  l i n e  i n d i c a t e s  the
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plane wave traveltime used in positioning this curve, i.e.
theoretically, diffraction effects depress the traveltime by -0.2 ns 
at the highest frequencies. It is apparent there is good qualitative 
agreement between theory and data, however the observed effect is 
larger and it diminishes more gradually with increasing frequency than 
expected. These characteristics have been observed for a number of 
samples and have discouraged the use of the theory for applying
corrections; as only some of the curvature of the data is removed, 
which implies that the plane wave traveltime estimate obtained is 
still an underestimate of the true traveltime. It is believed that 
the measured sample traveltime at the high frequency end of the data 
is probably within -1 ns of the plane wave traveltime. In most
situations this magnitude of error is not of great significance. It 
is, for example, not likely to be pressure dependent. In the
quantification of secondary effects (bond thicknesses and interface 
effects) it is nevertheless a serious complication.
CONCLUSIONS.
Buffer-rod techniques provide a quick and convenient means of 
measuring sample traveltimes. For high precision measurements, 
corrections, for the influence of the bond are necessary. For solid 
bonds of readily measured thickness such as the gold bond used in the 
high pressure experiments, the necessary corrections are calculable 
from the simple theory. For fluid bonds where as surface topography 
determines the ultimate bond thickness, the thickness is laterally 
quite variable and no longer adequately described by the simple model 
with an ’effective’ thickness.
It is also found that transducer diffraction effects are an 
additional complication in high precision measurements as they are
imprecisely modelled by existing theories.
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APPENDIX B.
THE MATCHED ONE AND TWO TRANSDUCER MEASUREMENT TECHNIQUE.
INTRODUCTION.
During the development of the high pressure buffer-rod experiment, 
some disagreement was observed between extrapolations of high pressure 
traveltime data to room pressure and traveltimes measured at room 
pressure data via the one and two transducer technique described by 
Jackson et. al (1981). The latter approach has the advantage that no 
model-dependent corrections need be applied as transducer-bond phase 
shifts are determined experimentally and then removed from the data. 
However experience has shown that measurements on the same sample with 
different transducers may reveal differences of the order of 1 ns in 
the estimated sample traveltime. This appendix presents the measures 
that can be adopted to overcome this source of variability.
TECHNIQUE.
Figure B1 shows the configuration for the one and two transducer
experiment. Two transducers of the same nominal resonance frequency (
20 MHz ) are mounted on the sample using a highly symmetrical
procedure aimed at the preparation of identical 1:1 glycerine and 
phthalic anhydride bonds. Then with both transducers similarly
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FIGURE B1 . Configuration for the one (B) and two (A) transducer
experiment
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electrically terminated, one transducer (hereafter designated 
’active’) is used to transmit and receive phase coherent pulses of 
radio frequency elastic waves. Interference is established between 
the first and second echoes in a manner analogous to the buffer-rod 
phase comparison techniques described in section 2.2, traveltimes 
being calculated from the frequencies of interference minima. The 
observed traveltimes differ from the sample plane wave traveltime 
primarily as a result of phase shifts associated with multiple 
reverberations within the bond and transducer, producing frequency 
dependent phase shifts that need to be removed from the data.
This is achieved by removing the passive transducer without 
disturbing the active transducer and re-measuring the frequencies of 
the minima, the sample traveltime is now less frequency dependent on 
account of the simple reflection at the free surface. Subtraction of 
the one transducer traveltimes fron the two transducer traveltimes 
provides for the explicit determination of the traveltime contribution 
associated with the reflection phase shift of the passive transducer. 
In the simple one and two transducer experiment, this contribution 
associated with the passive transducer would then be subtracted from 
the one transducer traveltimes to obtain the propagation traveltime. 
This approach is based on the assumption that the reflection phase 
shifts for the two bonded transducers are identical; experimental data 
confirms the approximate validity of this assumption (within 
approximately ±1 ns for 20 MHz transducers).
It is nevertheless instructive to consider the eff ect of a
difference in resonance frequencies of the two transducers. The
simplified theory of transducer - bond phase shifts (e.g. Williams and 
Lamb, 1958), shows that for negligibly thin bonds the derivative of 
the transducer-bond phase shift $ with respect to frequency, evaluated 
at the resonance frequency is,
d ( $/2tt)
On ZS f(
[B1
where fQ is the bonded fundamental resonance frequency (for which 
$=0), and fgn is the resonance frequency of the harmonic at which the 
transducer is being operated. Zt and Zs are the acoustic impedances 
of the transducer and the sample, respectively. It follows from 
equation 31 that, for frequencies close to fgn , the one transducer 
traveltime E-j that is measured experimentally is related to the 
propagation traveltime S by the approximate expression
Zt
(f - ff
Z s f
1
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where fgn refers to the transducer used in the one-transducer 
experiment. Similarly the two transducer traveltime, E2 , is given by
E2 = S +
Zt
Zs
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where the B superscript refers to the second transducer. The measured
sample traveltime Sm , is
Bm = 2 E-| -  E2
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The l a s t  t erm which c o n t a i n s  any f r e q u e n c y  d e pe ndenc e  o f  Sm i s  
i d e n t i c a l l y  z e r o  f o r  m e a s u r e m e n ts  a ro u n d  t h e  f u n d a m e n t a l  f r e q u e n c y  (n 
= 1) and  n e g l i g i b l y  s m a l l  ( i f  n o t  z e r o )  a ro u n d  t h e  t h i r d  h a rm o n ic  (n = 
3 ) .  T h i s  t erm would p r o b a b l y  be n e g l i g i b l y  s m a l l  f o r  even  h i g h e r  
h a rm o n ic s  ( s e e  Onoe e t .  a l  1963) 1 b u t  t h e  e x p e r i m e n t a l  work i n  t h i s  
t h e s i s  i s  c a r r i e d  o u t  o n l y  w i t h i n  t h e  r e s p o n s e  e n v e l o p e s  a s s o c i a t e d  
w i t h  t h e  f i r s t  and t h i r d  h a r m o n i c s .  Thus e q u a t i o n  B2 s i m p l i f i e s  t o  a 
v e ry  good a p p r o x i m a t i o n  t o  t h e  f r e q u e n c y - i n d e p e n d e n t  form
Sm S +
fBf 0
[B3
= S + At .
Hence f o r  Zt / Z s ~1 a 1 % m ism atch  o f  20 MHz t r a n s d u c e r s  c a n  g i v e  r i s e  
t o  - 0 . 5  ns  o f f s e t  t o  t h e  m e a s u r e d  sa m p le  t r a v e l t i m e .
The e x p e r i m e n t a l  d a t a  f rom a s i n g l e  one  t r a n s d u c e r  e x p e r i m e n t  
c o u l d  have  t h e  c o r r e c t i o n  f a c t o r  a p p l i e d  i f  t h e  r e s o n a n c e  f r e q u e n c y  o f  
t h e  t r a n s d u c e r  were  known. However i t  i s  n o t  a lw ays  a s i m p l e  m a t t e r  
t o  m e a s u r e  t h e  f r e e  r e s o n a n c e  f r e q u e n c y  o f  a t r a n s d u c e r .  T h i s  
d i f f i c u l t y  c a n  be ove rcome by r e p e a t i n g  t h e  one  and two t r a n s d u c e r  
e x p e r i m e n t  w i t h  t h e  r o l e  o f  t h e  t r a n s d u c e r s  r e v e r s e d .  By u s i n g  t h e  
p r e v i o u s  t e c h n i q u e s  t h i s  r e s u l t s  i n  two c o r r e c t e d  t r a v e l t i m e  c u r v e s
11 2
separated near the resonance frequencies by ~2At, with the actual 
sample traveltime being close to the average of the two curves. The 
alternative approach is to determine the phase shift of a transducer, 
in the passive role in one experiment, and apply it to the one 
transducer traveltime data from the other experiment, when it was 
acting as the active transducer.
The whole procedure requires the making of reproducible bonds and 
this can be checked experimentally by comparing the two transducer 
sample traveltimes from each experiment: the same two transducer 
traveltime is expected for each experiment if the bonds are indeed 
being reproducibly prepared. Another control on bond reproducibility, 
is to measure the lower frequency, f]_, at which the transducer 
amplitude response is 6dB (50%) down from the peak amplitude and the 
corresponding upper frequency, fu, for each transducer-bond 
configuration. These reflect differences in bonds and can pinpoint a 
problem bond. The calculation of the transducer bandwidth, B,
fu - fl
B = _____
fl
provides a convenient figure to make comparisons with and it becomes a
maximum for an optimum bond.
1 1 3
RESULTS AND DISCUSSION.
The com merc ia l ly  made 20 MHz t r a n s d u c e r s  used in  our l a b o r a t o r y  
have a s p e c i f i e d  r e s o n a n c e  f r e q u e n c y  t o l e r a n c e  of  ±1 £ ( i . e .  ±0.2 MHz). 
The measurement of seven  q u a r t z  t r a n s d u c e r s  from one ba t c h  r e v e a l e d  a 
mean r e s o n a n c e  f r e q u e n c y  of  21.1 MHz w i th  a t o t a l  s p r e a d  of  1.4 MHz. 
C l e a r l y  i t  i s  n e c e s s a ry  t o  dea l  with  t h i s  v a r i a b i l i t y  among 
t r a n s d u c e r s  i f  maximum acc u racy  i s  t o  be a c h i e v e d .  F ig .  B2 shows the  
i n f l u e n c e  of  th e  mismatch i n  d a t a  o b t a i n e d  u s ing  th e  s im p le  one and 
two t r a n s d u c e r  exper iment  on t h e  AI2O3 sample .  The upper  (marked by 
MY™s) and lower (marked by n*'” s)  t r a v e l t i m e  curves  have been 
o b t a i n e d  w i th  a p a i r  of 20 MHz q u a r t z  t r a n s d u c e r s ,  w i th  th e  r o l e s  of 
the  two t r a n s d u c e r s  be ing  i n t e r c h a n g e d  t o  o b t a i n  bo th  c u r v e s .  The two 
cu rves  bow upwards and downwards, coming c l o s e s t  t o g e t h e r  nea r  t h e  
r e s o n a n c e  f r e q u e n c i e s  of th e  two t r a n s d u c e r s ,  w i th  t h e  t r u e  t r a v e l t i m e  
l y i n g  w i t h i n  t h e  -1 ns wide gap where th e  cu rves  have t h e i r  c l o s e s t  
approach  to  each o t h e r .  The t h i r d  harmonic ze ro  r e f l e c t i o n  phase 
s h i f t  f r e q u e n c i e s  ( i . e . t h e  t r a n s d u c e r  r e s o n a n c e  f r eq u en cy )  f o r  t h e  two 
t r a n s d u c e r s  were measured from th e  d a t a  as 58 .361 MHz and 59.389 MHz . 
For t h e  P wave impedances of q u a r t z  t r a n s d u c e r s  and th e  AI2O3 sample 
(1 5 .2  and 4 1 .1 ,  r e s p e c t i v e l y ) ,  the  ex p e c te d  t r a v e l t i m e  d i f f e r e n c e  due 
t o  t r a n s d u c e r  mismatch i s  2At = 0 .66  ns ( e q u a t i o n  b 3 ) •
The r e f l e c t i o n  phase s h i f t  v e r s u s  f r e q u e n c y  s lo p e  0q , a round  
r e s o n a n c e  i s  ex p ec ted  t o  be 0.019 cycles/MHz, ( s e e  eq. B1) f o r  t h e s e  
t r a n s d u c e r s  on t h e  AI2O3 sample .  However e x p e r i m e n t a l l y  th e y  a r e  
0.022  and 0.026  cyc les /M hz ,  which i f  th e  ave rage  i s  i n s e r t e d  i n t o  eq. 
31 g iv e s  2At = 0.84 n s .  An exam in a t io n  of  the  two s e t s  of two 
t r a n s d u c e r  t r a v e l t i m e s  shows a r e p r o d u c i b i l i t y  of  about  0 .3  ns near  
th e  ze ro  phase  s h i f t  f r e q u e n c i e s ,  i n d i c a t i n g  t h a t  t h e  r em a in in g  
d i s c r e p a n c y  between t h e o ry  and exper im en t  i s  due t o  bond
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FIGURE B2. In f luence  of t r a n sd u ce r  resonance frequency mismatch on 
the c o r r e c t e d  sample t r a v e l t i m e  in  the  s imple  one and two t r a n s d u c e r  
exper iments .  Arrows i n d i c a t e  the  f requency of zero r e f l e c t i o n  phase 
s h i f t  f o r  in d iv id u a l  t r a n s d u c e r s .
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n o n - r e p r o d u c i b i l i t y .  The d iscrepancy observed in  the  t r a n sd u ce r  
r e f l e c t i o n  phase s h i f t  s lope  was explored through the  implementa tion 
of a computer program based on the  t r a n sm is s io n  l i n e  model of 
u l t r a s o n i c  t r a n s d u ce r s  ( S i t t i g  1969). The e f f e c t  of bond th ic k n e ss  
and the  th ic k n e ss  of the gold  e l e c t r o d e  p l a t i n g  on Sq was explo red  
us ing  re a so n a b le  values  fo r  th e se  paramete rs  (<0.5 yj and i t  was found 
th a t  $o could not be s i g n i f i c a n t l y  p e r tu rb e d .  Fur the r  exper imental  
work with  ano ther  p a i r  of qu a r tz  t r a n sd u ce rs  r e s u l t e d  in  a <$q 
measurement which was in  complete agreement with  th eo ry .  I t  appears  
t h a t  n o n - idea l  behaviour of the  t r ansduce r -bond  assembly r e s u l t s  in  
the  theory  p rov id ing  a lower e s t im a te  of the  r e f l e c t i o n  phase  s h i f t  
s l o p e .  P o s s ib le  problems a re  dry sp o ts  in  the  bond, lack  of f l a t n e s s  
of the  t r a n sd u ce r  faces  and poor adhes ion between gold p l a t i n g  and 
t r a n s d u c e r  m a t e r i a l .
R esu l t s  from a p a i r  of 20 MHz LiNbÜ3 t r a n sd u ce rs  a re  a l s o  shown i f  
f i g .  B2 ( p o in t s  marked with a "+" and "X"), which f o r t u i t o u s l y  have
the  same bonded resonance frequency of 62.07 MHz. The d i f f e r e n c e  in
the  c o r r e c t e d  t r a v e l t im e  curves around the  resonance frequency ,  
d im in ishes  to  <0.1 ns and c l e a r l y  shows the advantage of having a 
c l o s e l y  matched t r a n sd u ce r  p a i r .
Process ing  the  da ta  in  the  symmetrical  one and two t r a n s d u c e r  way, 
the  two t r a n s d u c e r s  a re  no longe r  assumed to  be i d e n t i c a l ;  each
t r a n s d u ce r  has i t s  own expe r im en ta l ly  determined r e f l e c t i o n  phase 
s h i f t  a p p l ied  t o  da ta  o b ta in ed  when t h a t  t r a n sd u ce r  a lone  i s  measuring 
sample t r a v e l t i m e .  The middle  two curves in  f i g .  B3 show the  e f f e c t  
of t h i s  p rocess ing  on the  c o r r e c t e d  t r a v e l  time curves of the  qu a r tz  
t r a n s d u c e r s  on the  AI2O3 sample ( n+Mfs and MXMls ) .  The upper (nY"’ s) 
and lower ( n* " ’ s) curves a re  the  same as the  corresponding  ones in 
f i g .  B2, i . e .  d a ta  p rocessed  according  to  the  assumptions  of the
s imple  one and two t r a n s d u c e r  experiment f a s h io n .  I t  i s  q u i t e
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FIGURE B3. Corrected sample traveltimes for the quartz P-wave 
transducer data processed by the simple (,fYIMs and "*n,s) and matched 
s and "X,Ms) one and two transducer schemes. Arrows indicate the 
frequency of zero reflection phase shift for the individual
transducers.
apparen t  t h a t  a s i g n i f i c a n t  gain  in  the  q u a l i t y  of the  da ta  i s  
o b ta in ed ,  in s p i t e  of the f a c t  t h a t  the se  da ta  s e t s  a re  of not 
s p e c t a c u l a r l y  h igh q u a l i t y ,  as evidenced by the  sy s te m a t ic  t r a v e l t i m e  
d i f f e r e n c e s  of the  middle two curves .  The a c tu a l  sources  of th e se  
d i f f e r e n c e s  can be e a s i l y  i d e n t i f i e d .
Let S be the  sample t r a v e l t i m e  t h a t  one would measure,  u s ing  the  
one and two t r a n s d u ce r  techn ique  i f  a l l  bonds and both t r a n s d u c e r s  
were i d e n t i c a l .  Also, d e f in in g  the  fo l lowing  terms
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7mq » m - 1 or 2 
q = a or b
t r a v e l t i m e  e f f e c t  of t ransducer-bond  p h a s e s h i f t  
a s s o c i a t e d  with t r a n sd u ce r  q, in  experiment  m.
Emn, n - 1 or 2 
Rq , q = a or b 
Sq , q = a or b
sample t r a v e l t i m e  determined in  experiment m 
with n t r a n s d u c e r s  mounted on the  sample,  
expe r im en ta l ly  determined t r a v e l t i m e  e f f e c t  of 
r e f l e c t i o n  from t ran sd u ce r  q.
exper imenta l  sample t r a v e l t i m e  when c o r r e c t e d  
f o r  r e f l e c t i o n  e f f e c t  of t r an sd u ce r  q.
Experiment one s t a r t s  with both t r a n s d u c e r s  mounted on the  sample with  
t r a n s d u c e r  "a" being the  a c t i v e  t r a n s d u c e r ,  hence the  two t r a n s d u c e r  
t r a v e l t i m e  measured i s
e 12 S + T1a + T1b [B3
Transducer  "b" i s  now removed and the  sample one t r a n sd u ce r  t r a v e l t i m e  
i s
E1 1 S + T1a • [B4
118
The d i f f e r e n c e  between equa t ion  33 and equa t ion  34 g ives  the  
r e f l e c t i o n  e f f e c t  due to  t r a n s d u ce r  "b"
Rb = E12 " E11 = T1 b •
Experiment two s t a r t s  with both t r a n s d u c e r s  mounted on the  sample 
aga in ,  with t r a n sd u ce r  "b" now being the  a c t i v e  t r a n s d u c e r ,  hence we 
me as ur e
Removing t r a n sd u ce r  "a" gives
e 21 = S + T2b
and hence the  r e f l e c t i o n  e f f e c t  of t ransduce r  "a" i s
Ra = e 22 " e 21 = T2a •
The two sample t r a v e l t i m e  e s t im a te s  a re  given by
Ea = E11 Ra = E + ( ^1a ” ^ 2a)
s b = e 21 -  Rb = S + ( T2b " T-|b )
showing t h a t  d i f f e r e n c e s  in  the  bonds of i n d iv id u a l  t r a n s d u c e r s  
produces an o f f s e t  to  the  t r a v e l t i m e ,  S. The d i f f e r e n c e  Sb -  Sa ( th e  
" + s and "X " 's  in  f i g .  33) measures the  o v e r a l l  bond r e p r o d u c i b i l i t y  
and i s  equal to the  d i f f e r e n c e  (AT) between the  p a i r  of two t r a n s d u c e r
r e s u l t s
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AT = E 2 2  “  E 1 2
( T2a '  T i a ) + ( T2b " Mb )•
C o n s id e ra t io n of a l l the AI 2 O 2 data in d i c a t e s  t h a t  the
compress ional wave t r a v e l t i m e  a t approximate ly 60 MHz i s  (1.8767 ±
0.0003) us, with the  e r r o r  being somewhat i n f l a t e d  due to  l a c k  of bond 
r e p r o d u c i b i l i t y  in  the  q u a r tz  d a t a  (see  f i g .  B3) and the  smal l  amount 
of s t r u c t u r e  observed on the  c o r r e c t e d  LiNbO^ da ta  ( f i g .  B2), which i s  
probably  due to  s t r a y  a c o u s t i c  energy w i th in  the  sample.  I t  shou ld  be 
noted  t h a t  the  t r a v e l t i m e  s t i l l  r e q u i r e s  some upward c o r r e c t i o n  fo r  
t r a n s d u c e r  d i f f r a c t i o n  e f f e c t s ,  which can be c a r r i e d  out us ing f i g .  3* 
however the  theory  does not appear to  provide complete c o r r e c t i o n  (see  
Appendix A), so care  has to  be e x e r c i s e d  in  i n t e r p r e t i n g  th e  f i n a l  
t r a v e l t i m e  o b ta in e d  as being due to  a t r u l y  p lane  wave.
Bond r e p r o d u c i b i l i t y  i s  a s i g n i f i c a n t  remaining source  of e r r o r ,  
bu t with pe rseverence  i t  i s  p o s s i b l e  to  o b ta in  e s s e n t i a l l y  s i m i l a r  
bonds, in  which case  the  d a ta  show im press ive ly  h igh p r e c i s i o n .  Fig .  
B4 shows the r e s u l t s  of t h i s  s i t u a t i o n ,  the  da ta  being o b ta in e d  with 
the  matched LiNbO^ t r a n s d u c e r s  on a f l o a t  g l a s s  sample.  As noted 
e a r l i e r ,  the  t r a n sd u ce rs  show zero  r e f l e c t i o n  phase s h i f t  near  62 MHz 
and f ron  the  da ta  around t h i s  frequency i t  i s  c l e a r  t h a t  the  
t r a v e l t i m e  has been determined t o  -0 .06  ns .
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FIGURE B4. Corrected float glass sample traveltime when essentially 
similar bonds are obtained for the same transducer in the matched one
and two transducer experiment.
CONCLUSIONS.
The r e s o n a n c e  f r e q u e n c y  o f  20 MHz c o m m e r c i a l l y  p ro d u c e d  u l t r a s o n i c  
t r a n s d u c e r s  has  been f o u n d  t o  be h i g h l y  v a r i a b l e ,  even  w i t h i n  a s i n g l e  
b a t c h .  T h e s e  v a r i a t i o n s  can  p r o d u c e  a b i a s  o f  -1 ns  m a g n i tu d e  i n  
t r a v e l t i m e s  m e a s u r e d  v i a  t h e  one  and two t r a n s d u c e r  t e c h n i q u e  o f  
J a c k s o n  and N i e s l e r  ( 1 9 8 1 ) .  By an e x t e n s i o n  t o  t h e  t e c h n i q u e ,  i t  i s  
p o s s i b l e  t o  d e t e r m i n e  t h e  r e f l e c t i o n  p h a s e  s h i f t  as  a f u n c t i o n  o f  
f r e q u e n c y  f o r  e ach  t r a n s d u c e r ,  which  a l l o w s  a more e x a c t  c o r r e c t i o n  o f  
t h e  one  t r a n s d u c e r  d a t a .  The u l t i m a t e  t r a v e l t i m e  p r e c i s i o n  o b t a i n a b l e  
i s  t h e n  w i t h i n  ±0.1 n s .
A p p l i c a t i o n  o f  t h e s e  t e c h n i q u e s  r e s u l t s  i n  a t r a v e l t i m e  e s t i m a t e  
f o r  t h e  p o l y c r y s t a l l i n e  A I 2O3 sam p le  o f  ( 1 .8767 ± 0 . 0003 ) p s .
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